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Abstract
This thesis explores using femtosecond-laser pulses to hyperdope silicon with

chalcogen dopants at concentrations above the maximum equilibrium solubility. Hy-

perdoped silicon is promising for improving efficiencies of solar cells: the material

exhibits broad-band light absorption to wavelengths deep below the corresponding

bandgap energy of silicon. The high concentration of dopants forms an intermediate

band (IB), instead of discrete energy levels, and the IB enables sub-bandgap light

absorption. This thesis is divided into two primary studies: the dopant incorporation

and the IB properties.

First, we study dopant incorporation with a gas-phase dopant precursor (SF6)

using secondary ion mass spectrometry. By varying the pressure of SF6, we find that

the surface adsorbed molecules are the dominant source of the dopant. Furthermore,

we show the hyperdoped layer is single crystalline. The results demonstrate that

the dopant incorporation depth, concentration, and crystallinity are controlled re-

spectively by the number of laser pulses, pressure of the dopant precursor, and laser

fluence.

Second, we study the IB properties of hyperdoped silicon using optical and elec-

tronic measurements. We use Fourier transform infrared spectroscopy to study light
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absorption. The absorption extends to wavelengths as far as 6 µm before thermal

annealing and we find the upper bound of the IB location at 0.2 eV below the conduc-

tion band edge. For electronic measurements, we anneal the samples to form a diode

between the hyperdoped layer and the substrate, allowing us to probe the IB using

temperature-dependent electronic transport measurements. The measurement data

indicate that these samples form a localized IB at concentrations below the insulator-

to-metal transition. Using a two-band model, we obtain the location of the localized

IB at >0.07 eV below the conduction band edge.

After femtosecond-laser hyperdoping, annealing is necessary to reduce the laser-

induced defects; however annealing decreases the sub-bandgap absorption. As we are

interested in the IB that contributes to sub-bandgap absorption, we explore methods

to reactivate the sub-bandgap absorption. We show that the sub-bandgap absorption

is reactivated by annealing at high temperatures between 1350 and 1550 K followed

by fast cooling (>50 K/s). Our results demonstrate an ability to control sub-bandgap

absorption using thermal processing.
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Chapter 1

Introduction

We motivate this thesis by describing two ways in which pulsed lasers can be used

to increase efficiency in photovoltaic devices. First, pulsed-laser hyperdoping can

introduce dopants into a semiconductor at non-equilibrium concentrations, which

creates an intermediate band within the bandgap of the material and modifies the

absorption coefficient. Second, pulsed-laser irradiation can enhance geometric light

trapping by increasing surface roughness. Hyperdoping in silicon enables absorption

of photons to wavelengths of at least 2.5 µm, while texturing enhances the absorptance

to near unity at all absorbing wavelengths. This thesis focuses on understating the

hyperdoping process and the intermediate band properties, but the femtosecond-laser

texturing occurs simultaneously in our fabrication process. This chapter reviews both

effects and provides connection to this thesis.
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Chapter 1: Introduction

1.1 Motivation

Most approaches to photon management in photovoltaics (PV) focus on increasing

the total absorbed irradiance Iabs from the incident solar irradiance Isun through some

modification of the photovoltaic material. The total absorbed irradiance of a material,

obtained from Beer’s law, is:

Iabs =

∫
Isun(λ)[1−R(λ)]

[
1− exp[−α(λ) d]

]
dλ, (1.1)

where R and α are the wavelength-dependent reflectance and absorption coefficients,

respectively; d is the path length of a photon through the material; and the integration

is over all optical wavelengths λ. Thus, neglecting wavelength conversion approaches,

photon management requires manipulating one or more of three material parameters:

α, R, or d. Pulsed-laser processing of semiconductors with nanosecond, picosecond,

or femtosecond laser pulses, offers two very different approaches to enhance pho-

ton absorption: pulsed-laser hyperdoping and surface texturing. For example, the

“black silicon” process [1], achieves near-unity, broadband absorption of visible and

near infrared light in silicon with femtosecond laser processing. The effects of these

techniques on light absorption are summarized in Figure 1.1.

First, pulsed-laser irradiation can be used to introduce non-equilibrium concen-

trations of dopants into silicon, a process we refer to as hyperdoping. This pro-

cess changes silicon’s electronic structure and increases the absorption coefficient

α [4–7]. Second, pulsed-laser irradiation of a silicon wafer can produce micrometer- or

nanometer-scale surface textures that are suitable for geometric light trapping [8–10].

Hyperdoping significantly increases the absorption coefficient through the inclusion of

2



Chapter 1: Introduction
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Figure 1.1: Absorption enhancement from pulsed-laser hyperdoping and
surface texturing. The absorptance A is obtained from the expression
A = 1 − R − T , where R and T are reflectance and transmittance, respec-
tively, measured with an integrating sphere to collect both specular and dif-
fuse light. (a) untreated crystalline silicon (c-Si) has zero absorption of light
with wavelength longer than 1.1 µm due to its energy bandgap. (b) Pulsed-
laser hyperdoping with sulfur enables absorption of sub-bandgap light. (c)
Pulsed-laser texturing enhances above-bandgap light absorption with geo-
metric light trapping. (d) Broadband near-unity absorption is achieved with
both pulsed-laser hyperdoping and surface texturing. Adapted from Refer-
ences [2] and [3].
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Chapter 1: Introduction

a high concentration of new electronic states. The process depends on the fast resolidi-

fication that follows pulsed-laser melting, which traps dopant atoms at concentrations

far above equilibrium solubility limits [11, 12]. Realizing such dopant concentrations

with deep-level impurities is a possible route to fabricating an intermediate band

photovoltaic cell, a high-efficiency PV concept [13]. Surface texturing, on the other

hand, increases the fraction of absorbed photons by increasing d and effectively de-

creasing R(λ) (Equation 1.1). Texturization relies on laser-induced ablation of silicon,

which selectively removes material to create light trapping morphologies. These two

pulsed-laser approaches to photon management are distinct and can be realized inde-

pendently, although most research in this field has focused on a combination of these

two effects [8, 14–16].

In this chapter, we review pulsed-laser hyperdoping and surface texturing, sum-

marize the current state of the art for both techniques, and discuss outstanding

questions and challenges for each application. We first describe the basic physics

of laser-induced melting, how it leads to hyperdoping and changes in the absorp-

tion coefficient, and ongoing research directions in this field toward realizing efficient

photovoltaic devices. Next, we describe laser ablation and how it leads to surface

geometries that are advantageous for geometric light trapping. Finally, we outline

the connection to and organization of this thesis.

1.2 Hyperdoping

Pulsed lasers have been used in doping processes since the 1960s, including laser-

assisted doping [17,18], gas immersion laser doping [19,20], pulsed laser mixing [21],

4



Chapter 1: Introduction

and laser-induced diffusion [22]. Lasers with pulse durations between hundreds of

femtoseconds and tens of nanoseconds can achieve dopant concentrations that exceed

the solid solubility limit by several orders of magnitude. Although we focus on silicon

in this chapter, alternative laser-processes have been explored for other materials,

including binary [23] and quaternary [24–26] materials. The hyperdoping process can

introduce dopant states that enhance absorption at photon energies above and below

the bandgap, making it a potential route to realizing intermediate band photovoltaic

devices.

1.2.1 Laser melting and doping

When a laser pulse delivers energy to a solid volume at a rate sufficiently in excess

of any cooling processes, such as conduction to the underlying bulk, it can raise the

solid’s temperature above the melting point and cause a layer near the surface to

melt. Pulsed lasers are well-suited to this application for two reasons. First, for laser

pulses that are nanoseconds or shorter in duration, the energy is deposited over a

timescale that is comparable to or shorter than that of heat diffusion [27]—thus heat

accumulates faster than it can be conducted away to the substrate. Second, because

of their high spatial coherence, laser pulses can be focused to small areas, and the

pulse energy is absorbed in a small volume. Laser pulses with durations in the range

of 10−13 – 10−8s have been used to achieve temperatures sufficient for melting a layer

of silicon near the surface, typically 50–500 nm thick [28–30]. Because this thin layer

of laser-melted material is resting atop a room temperature lattice, the heat flux away

from the molten region is high, and the resolidification front moves quickly through

5



Chapter 1: Introduction

the material, potentially exceeding 10 m/s [11,31]. The standard Czochralski crystal

growth process, in comparison, typically involves resolidification fronts with speeds

of about 10−5 m/s [32].

As the resolidification-front velocity approaches 1 m/s, thermodynamic equi-

librium cannot be established at the liquid-solid interface [11]. As a result, dopant

atoms present in the melt are trapped in the solid silicon above their equilibrium

solubility limit, a process known as solute trapping [11, 12, 33]. According to well-

tested predictive models, faster resolidification velocities yield higher dopant con-

centrations [11, 12, 30, 34]. At sufficiently high resolidification velocities (>15 m/s),

however, solute segregation [35,36] and loss of crystalline order [37] during resolidifi-

cation occur. Figure 1.2 shows a sulfur concentration profile after fs-laser irradiation
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Figure 1.2: Sulfur concentration obtained by secondary ion mass spectrome-
try after pulsed-laser hyperdoping with 800-nm fs-laser pulses in a SF6 atmo-
sphere at a pressure of 500 Torr. S concentration near the surface is 6× 1019

cm−3, three orders of magnitude larger than the solubility limit of S in silicon.
Adapted from Reference [38].
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Chapter 1: Introduction

of silicon in a sulfur-rich atmosphere. The sulfur concentration approaches 1020 cm−3

near the surface, about three orders of magnitude above the solid solubility limit [39].

Dopants can be introduced into the host material via diffusion from a dopant-

rich atmosphere while the substrate is molten. Introducing the dopants via ion im-

plantation prior to laser melting is more common, however [11]. In the case of diffusion

into molten silicon, the dopant precursor can be a gaseous ambient or a thin solid

film on top of the silicon. Pulsed-laser hyperdoping of heavy chalcogen (S, Se, and

Te) in silicon has been achieved via all of the methods mentioned previously using

femtosecond [4,8, 15] picosecond [15], or nanosecond [5,6, 8, 15,21] laser pulses.

The heat-transfer and resolidification processes described previously are com-

mon to laser-induced melting using pulses with durations of tens of nanoseconds and

shorter. However, the duration of laser pulses used for hyperdoping ranges over five

orders of magnitude, and significant differences occur across these timescales. For

femtosecond pulses, laser energy is deposited into the material well before heat diffu-

sion occurs. First, electrons absorb the energy of the laser pulse, and then this high-

temperature electron gas transfers energy to the cold lattice through electron-phonon

coupling on a picosecond timescale [27]. In addition, nonlinear absorption reduces

the photon penetration depth, and the pulse energy is deposited in a very thin layer,

lowering the energy threshold for melting [40]. In this case, the resolidification-front

velocity can greatly exceed the liquid-to-crystal relaxation rate, yielding resolidifica-

tion into an amorphous phase [37, 41]. For nanosecond laser pulses, the absorption

process is linear, and the absorption length is larger. Thus, deeper melt depths and

dopant distributions can be achieved. The temperature gradient across the molten

7



Chapter 1: Introduction

layer and the solid substrate is smaller than for a laser pulse of femtosecond duration,

resulting in a longer melt duration and slower resolidification-front velocity. There-

fore, ns-laser hyperdoped silicon is often crystalline, while fs-laser hyperdoped silicon

often has an amorphous or polycrystalline structure [8,38]. To summarize, the dura-

tion of a laser-pulse determines the kinetics of melting and resolidification, and hence

significantly impacts dopant incorporation and changes in crystal structure.

1.2.2 Hyperdoping with femtosecond lasers

We now discuss the “black silicon” process: hyperdoping silicon with heavy chalcogen

atoms via irradiation with 100-fs, 800-nm Ti:sapphire laser pulses. The dopants

are introduced via a chalcogen-rich ambient , such as gaseous sulfur hexafluoride

(SF6) or a thin solid film of Se or Te (deposited on the silicon surface via thermal

evaporation prior to laser irradiation). After fs-laser hyperdoping, the chalcogens are

incorporated at concentrations of about 1 at.% [2, 7] –greater than the equilibrium

solubility [39, 42, 43] by a factor of 103. This process can be tuned to simultaneously

produce a light-trapping surface texture (Section 1.3) in addition to hyperdoping. We

emphasize that with an appropriate choice of laser parameters, hyperdoping can be

achieved without surface texturization [3].

The optical absorptance of silicon hyperdoped with sulfur is shown in Figures

1.1b and 1.1d. In Figure 1.1b, the laser treatment was designed to avoid any sur-

face texturization and shows that hyperdoping is responsible for the sub-bandgap

absorption. In Figure 1.1d, absorptance is plotted for samples that have been both

hyperdoped as well as textured. Combining hyperdoping and surface texturing, ab-

8
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Figure 1.3: Average infrared (λ = 1.25 to 2.5 µm) absorptance of chalcogen
hyperdoped silicon before and after annealing (775 K, 30 min.), represented
by dark and light gray bars respectively. Samples are irradiated in the pres-
ence of a sulfur dopant precursor (SF6 or H2S) (S), selenium (Se), or tellurium
(Te). Adapted from References [7] and [44].

sorptance is near unity for both above and below bandgap light. The absorptance

for silicon hyperdoped with Se and Te is nearly identical to that of silicon hyper-

doped with S (shown in Figure 1.1d) [7]; Figure 1.3 shows the average infrared (IR)

absorptance of optical wavelengths 1.25 to 2.5 µm for samples irradiated with and

without chalcogen dopant precursors. Chalcogen-hyperdoped silicon exhibits broad-

band absorption extending to photon energies less than the bandgap of silicon. Three

observations indicate that the high chalcogen concentration is responsible for this

broadband, sub-bandgap absorption. First, we observe the broad sub-bandgap ab-

sorption if and only if a heavy chalcogen is present. We have experimented exten-

sively with other dopants [45,46] and phases of dopant precursors (solid [7,44] versus

gaseous [45]) and demonstrated that the presence of the chalcogen dopant is necessary

9



Chapter 1: Introduction

and sufficient for strong sub-bandgap absorption. We show a selection of these data

in Figure 1.3. Second, the sub-bandgap absorption decreases after thermal annealing

in a manner directly related to the specific chalcogen-dopant used [2, 44]. Figure 1.3

shows the average IR absorptance following a 30 min. anneal at 775 K for various

dopants. The absorptance decreases at rates that are governed by the chalcogen-

dopant diffusivity in silicon. For example, Te atoms have the lowest diffusivity among

chalcogen atoms; consequently, the sub-bandgap absorptance of a Te-doped sample

changes least after annealing. A chalcogen-dopant diffusion model explains the cor-

relation between infrared absorption and the thermal treatment [44]. Lastly, silicon

hyperdoped with chalcogens using a different technique (ion implantation followed

by nanosecond pulsed laser melting) exhibits similar sub-bandgap absorption [5, 6].

Thus, regardless of the hyperdoping method, silicon hyperdoped with approximately

1 at.% of heavy chalcogens exhibits broadband absorption of photons with energy

less than the bandgap of silicon.

The origins of this absorption can be understood by considering the energy states

of the chalcogens in silicon [47]. Dilute concentrations of sulfur introduce a variety

of occupied electronic states (arising from point defects, dimers, and more complex

structures) that reside 100–300 meV below the conduction band edge of silicon; as

a result, the sulfur dopants are electron donors [48]. As the sulfur-concentration

increases, new atomic configurations become likely, and these energy levels shift and

broaden [49]. Low energy photons can be absorbed by exciting electronic transitions

between the band edges and the energy states introduced by sulfur. Thus, the presence

of these states and the electronic transitions they facilitate are most likely responsible
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for the observed extended infrared absorption.

Finally, absorption of these sub-bandgap photons yields mobile charge carriers.

Using sulfur as both an electron donor and as an optically sensitive defect, we have

fabricated a variety of optoelectronic devices based on the junction formed between

the substrate and the hyperdoped region [48, 50, 51]. For example, we demonstrated

photodiode devices that respond to sub-bandgap photons [48], with a measurable

photoresponse at photon energies as low as 0.8 eV. Thus, it is unlikely that free-

carrier absorption [52] and structural-defect absorption [53] are responsible for this

sub-bandgap absorption. Both of these effects enable absorption of sub-bandgap pho-

tons, but do not increase the population of mobile charge carriers, and therefore the

absorbed energy cannot be extracted. In addition, the broad, featureless absorption

shown in Figure 1.1b and 1.1d does not exhibit the predicted wavelength dependence

of these effects.

1.2.3 Applications to photovoltaics

Next we consider the question of whether the strong sub-bandgap absorption of hy-

perdoped silicon can be used to increase photovoltaic efficiency. The idea of using

dopants to increase absorption of low-energy photons (and thus increase PV cell ef-

ficiency) has a long history. The first proposal, suggested over 50 years ago, focused

on using deep-level impurities to enhance absorption [54]. This concept, now further

developed, is known as the impurity photovoltaic (IPV) effect [55]. The principle of

an IPV cell is to convert below-bandgap photon energy to electron-hole pairs through

a two-stage, defect-assisted absorption process illustrated in Figure 1.4a. However,

11



Chapter 1: Introduction

deep electronic states are highly localized [56]; their presence introduces localized

pockets of charge that disrupts the local electrostatic potential in the silicon lattice

and leads to increased non-radiative recombination rates [56]. Thus, efforts to increase

absorption through the inclusion of such states yield shorter carrier lifetimes and lower

open-circuit voltage; consequently, cell efficiency can only be increased by 1–2% (ab-

solute) using this method [55]. On the other hand, it was recently pointed out that

Si

dopant

Si

dopant in
c
re

a
s
in

g
 d

o
p

a
n

t 
c
o

n
c
e

n
tr

a
ti
o

n

conduction band

valence band

E

e

h

e

h e

h

dopant state/ band

a b

Figure 1.4: (a) Schematic of light absorption process. Photons with energy
smaller than the bandgap energy excite electrons either from the valence
band to the dopant state/band, or from the dopant state/band to the con-
duction band. (b) Illustration of a crystal of atoms (black) with dopants
(orange) and the electron wave functions of the dopant electrons (gray). The
electron wavefunction become delocalized if the concentration of the dopants
is increased above the insulator-to-metal transition.

if such impurity states were included in high enough concentrations that their elec-

tronic states delocalize (through a Mott insulator-to-metal transition, for example),

high recombination rates might be avoided (Figure 1.4b) [57]. Such an intermediate

band photovoltaic (IBPV) material could convert sub-bandgap photons to current
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without decreasing the open-circuit voltage in the cell, thus achieving a theoretical

energy-conversion efficiency of >63%, significantly higher than the 41% efficiency

limit of a standard single-junction solar cell (under concentrated sunlight) [58, 59].

Fabricating an IBPV, however, is difficult, and no current design has demonstrated

the theoretically predicted efficiency improvements [13,60].

Pulsed-laser hyperdoping yields a material that exhibits several of the character-

istics expected from an IBPV material. First, chalcogen-hyperdoped silicon exhibits

strong photon absorption and measurable photoresponse for sub-bandgap light. Sec-

ond, we have recently observed evidence that a insulator-to-metal transition occurs in

silicon hyperdoped with chalcogens [61]. As mentioned previously, such a delocaliza-

tion transition is a necessary condition to avoid strong non-radiative recombination

due to localized deep states. Currently, there are contradicting reports on the feasi-

bilities of this lifetime recovery effect [62,63]. With both experimental and theoretical

work devoted to investigating the mechanism and impact of intermediate band forma-

tion in hyperdoped silicon [61, 64–66], we are evaluating this material as a potential

intermediate band system that could effectively capture the energy of sub-bandgap

photons.

1.3 Surface texturization

Pulsed lasers are uniquely suited for hyperdoping because they heat small volumes

of silicon over short timescales; for the same reason, they are also well-suited for

creating surface texture. By providing highly localized heating, pulsed lasers can

remove material through ablation to create surface texture. Their coherent properties
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lead to surface roughness with a characteristic length scale tunable by appropriate

wavelength selection. We begin this section with a brief description of how pulsed-

laser surface texturization occurs, and then explain its application to geometric light

trapping in photovoltaics.

1.3.1 Pulsed-laser surface texturization

The physics of pulsed-laser texturization originates with the same processes described

in the section on laser melting and doping. Because of interference between the in-

cident laser pulse and self-scattering from surface defects, the energy deposited by a

single laser pulse varies across the irradiated surface. This interference effect, which

occurs over distances comparable to the incident laser wavelength, yields periodic

variations in melt depth. Capillary waves, excited spontaneously in the melt, freeze

in place during resolidification to form features known as laser-induced periodic sur-

face structures (LIPSS). The periodicity of LIPSS is related to the wavelength and

polarization of the incident light [67–69]. With subsequent laser pulses, the ripple

pattern coarsens and “beads up [1].” Subsequent laser pulses are thus incident on a

modulated surface and focus preferentially into the “valleys” of these features [70]. If

the energy deposited in these valleys is sufficient to raise the temperature above the

boiling point, the molten silicon becomes superheated and begins to boil. Additional

increases in energy can lead to a significant increase in the rate of material removal,

a process known as ablation [29]. Some material leaves the surface as superheated

particles, a process that can be visualized and understood with molecular dynamics

simulations [71]. Pulsed-laser irradiation on LIPSS thus initiates positive feedback:
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surface texture leads to preferential focusing, which leads to selective ablation, which

leads to additional surface texture. Although pulsed-laser texturing has been ob-

served after irradiation with fs-, ps-, and ns-laser pulses, the fluence (energy per area)

and pulse number requirement is lowest for fs-lasers [15]. In addition, the ambient

environment has a large effect on the structure [46, 72]. The detailed evolution of

the silicon spikes shown in Figure 1.5a is documented in Reference [1] along with

a thorough review of relevant literature. The exact details of surface formation de-

pend on a large number of parameters, but the description here explains the surface

texturization qualitatively.

42˚ 42˚

1

23

4

a b

5 µm

Figure 1.5: (a) Scanning electron micrographs of a silicon surface after irra-
diation with 600 fs-laser pulses at 8 kJ/m2 at a SF6 pressure of 500 Torr. The
scanning electron microscopy image is taken at a 45◦ angle to the surface.
(b) Illustration of the optical path of light incident on laser-textured silicon
surfaces, with cones subtending 42◦. Adapted from References [1] and [73].

Figure 1.5a shows the surface that results from the irradiation of silicon with

normally incident 600 fs-laser pulses at 8 kJ/m2 in an SF6 atmosphere at a pressure

of 500 Torr. We have extensively explored the degree to which these surfaces can be

engineered, and both micrometer- [74,75] and nanometer-scale [72,76] surface rough-

ness can be fabricated. For example, the height and spacing of the spikes depends
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on laser wavelength, fluence, number of laser pulses, pulse duration, and ambient

environment. Furthermore, formation of these spikes is independent of the crystalline

orientation of the substrate [75], enabling the fabrication of light trapping surfaces on

thin polycrystalline or amorphous films [77]. The manner in which irradiation param-

eters affect light absorption enhancement is documented in References [2, 4, 45, 46].

The absorptance of fs-laser textured silicon is plotted in Figures 1.1c and 1.1d. The

reflectance of the laser-textured surface is low [46]; hence absorptance is near unity

from 0.24 µm to at least 1.1 µm.

1.3.2 Geometric light trapping

Geometric light trapping from micrometer-sized silicon spikes decreases reflection and

enhances optical path length. The height, spacing, and subtended angle determine the

extent of geometric light trapping. For spike heights on the order of 1 µm or larger,

the structures are large enough that graded density [78] does not play a role for visible

and near-IR light, and multiple reflection on the surface is the dominant effect of light

trapping. Treating the case of spikes subtending a cone angle of 42◦, the average angle

observed in Figure 1.5a, normally incident light undergoes four reflections on average

before escaping the surface (Figure 1.5b) [73]. The small cone angle outperforms

chemically etched silicon pyramids, a common light-trapping structure that forms a

71◦ angle and yields only two reflections for normally incident light. As a result, less

than 5% of the incident light is reflected. Furthermore, because the total internal

reflection angle for silicon is approximately 14◦, light transmitted into the silicon

spikes reflects inside the spikes and greatly enhances the path length (Figure 1.5b).
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Therefore, enhanced absorption is evident even for weakly absorbed photon energies

near the bandgap. For example, at an optical wavelength of 1.1 µm (for which

the absorption length in silicon is 3 mm) the absorption of light is still above 60%,

significantly higher than it would be for a planar 400-µm silicon wafer (10%) [79].

Femtosecond-laser textured silicon is excellent at light trapping; however, the

laser irradiation process produces structural modifications near the silicon surface

that must be considered when applying this technique to fabricate high-efficiency

photovoltaics. For example, the fs-laser surface texturization produces a polycrys-

talline layer approximately 100 nm thick near the surface [2]. Similar to heavily

doped emitter regions, this layer likely exhibits a low minority carrier lifetime and

could lower the efficiency of a photovoltaic device. To address this concern, thermal

annealing could be used; alternatively, the polycrystalline layer can be etched away.

In this fashion, fs-laser surface-textured silicon has been applied to solar cell fabrica-

tion: Nayak et al. use chemical etching and annealing to remove defects that form

during pulsed laser irradiation and achieve 14% conversion efficiency [80]. Nayak et

al. demonstrated integration of pulsed-laser textured surfaces with standard silicon

solar cell fabrication. Finally, good light trapping can also be obtained with nanosec-

ond lasers. Due to the slower resolidification front velocity in ns-laser melted silicon,

such samples do not exhibit a polycrystalline region near the surface [8].

1.4 Summary

The outlook for pulsed lasers as tools for photon management in photovoltaics is

bright. Pulsed laser processing provides two routes for photon management in pho-
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tovoltaics. Surface texture achieved using intense pulsed-laser light to create quasi-

periodic surface features reduces reflection and increases path length through the

material. In addition, pulsed-laser hyperdoping processes alter the absorption co-

efficient of silicon through the inclusion of a non-equilibrium concentration of deep

states in silicon. Hyperdoping is a potential route to realizing an intermediate band

photovoltaic device. Hyperdoping and surface texturization are distinct and inde-

pendently achievable. Although both techniques show promise for effective photon

management, research challenges for implementing either method remain. Growing

research interest in pulsed laser techniques, however, is yielding rapid progress in

addressing these challenges.

1.5 Organization of the dissertation

This thesis reports (1) our progress in controlling the material quality and dopant

concentration of the fs-laser hyperdoping process, and (2) our effort in identifying the

energetics of the chalcogen dopants via electronic transport and mid-infrared light

absorption measurements.

Chapter 2 describes the main experimental methods used in the thesis. We

describe in detail the development of the fs-laser hyperdoping process compared to

previous work.

Chapter 3 investigates fs-laser doping mechanism with gas-phase dopant precur-

sor. We study fs-laser hyperdoping with few laser pulses below the ablation threshold

to understand the mechanism on how the sulfur dopant diffuses into silicon. The goal

is to develop methods to control dopant concentration by varying the pressure of the
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dopant precursor.

In Chapter 4, we study the electronic properties of silicon hyperdoped with sul-

fur at different concentrations. Through analyzing temperature-dependent transport

data, we analyze the properties of the intermediate band.

Chapter 5 presents the mid-infrared absorptance of chalcogen hyperdoped sili-

con. In this wavelength region, the light and matter interaction is more complicated

than described in Section 1.3.2. After careful analysis, we place an upper bound on

the position of the intermediate band.

Chapter 6 presents a method to reactivate sub-bandgap light absorption. This

chapter addresses the issue that after fs-laser hyperdoping, an annealing step is neces-

sary for fabricating devices, but annealing also reduces sub-bandgap light absorption.

This chapter shows our progress toward fabricating an device that maintains its sub-

bandgap light absorption.

Chapter 7 summarizes the main results obtained in this thesis and proposes

future avenues of research to address several still unanswered questions regarding

fs-laser hyperdoping and material properties of intermediate band systems.

Appendix A provides information on the Hall effect analysis presented in Chap-

ter 4.

Appendix B provides methods to correct absorption data obtained with an

integrating sphere.

Appendix C discusses the photovoltaic potential of using fs-laser texturing on

amorphous silicon solar cells.
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Chapter 2

Experimental methods and updates

The experimental setup used in this thesis is slightly different from previous work

[3, 77, 81]. In this chapter we describe the “standard operating procedures” adopted

in this thesis. We also list updates to previous work such as the influence of ambi-

ent pressure on surface morphology and connections between samples fabricated via

stationary and scanning laser pulses.

2.1 Sample fabrication

We use amplified femtosecond laser pulses of temporal duration τ < 100 fs and center

wavelength λ = 800 nm. The maximum pulse energy is 2.5 mJ and the maximum

repetition rate is 1 kHz. The laser is linearly polarized and has an approximately

Gaussian spatial profile. The schematics of the experimental setup are shown in

Figure 2.1 and 2.2. A stationary laser beam and a set of stepper motors are used

when precise control of the hyperdoping area is desired (Figure 2.1). A fiber lamp
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Figure 2.1: A schematic diagram of the fs-laser hyperdoping apparatus using
a stationary laser beam and two-axis stepper motors to translate the sample.
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Figure 2.2: A schematic diagram of the fs-laser hyperdoping apparatus with
the sample held stationary and a set of Galvo scanning mirrors scanning the
laser beam across the sample surface.
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and a CCD camera allow in situ imaging and alignment. We also use a synchronized

mechanical shutter to control the number of laser pulses delivered to the sample.1

When a large hyperdoping area is desired, we use a pair of galvanometric scanning

mirrors to scan the laser pulses across the silicon surface (Figure 2.2). We use a HeNe

laser beam path for sample alignment. Using the scanning mirror system, sample

fabrication is 40 times faster than using the stepper motors.

The three parameters that are important in determining the dopant concentra-

tion and surface morphology are (1) the pressure of the dopant precursor or back-

ground gas, (2) the fluence (energy per area) of the laser at the sample’s surface and

(3) the number of laser pulses delivered to the sample.

2.1.1 Ambient pressure

Silicon samples are placed inside a stainless steel vacuum chamber (Figures 2.1 and 2.2)

where a variety of different dopant precursor (SF6) or background gases (N2 or H2)

are introduced. We use the Baratron gauge to measure the chamber pressure (ranging

from 0.1 to 760 Torr) because the Baratron gauge readout is independent of the type

of gas being measured. The pressure measurement error associated with the Baratron

gauge is ± 0.1 Torr for P < 40 Torr and ± 0.25% otherwise. The convectron gauge

and the ion gauges are used to monitor the vacuum base pressure. These two types

of gauges are only calibrated for nitrogen.
1The minimum exposure time of the shutter is 6 ms. We use repetition rate ≤100 Hz to deliver

a single pulse
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2.1.2 Fluence

Experiments in this thesis use fluence between 2.5 kJ/m2 and 8.0 kJ/m2. We use the

focusing lens shown in Figures 2.1 and 2.2 to adjust the size of the laser spot at the

silicon surface. On the other hand, we adjust the pulse energy by using a half-wave

plate to rotate the pulse polarization before the pulse enters the compressor (not

shown). The pulse compressor is polarization dependent, so we achieve continuous

adjustment between 50 µJ and 2.5 mJ by using the half-wave plate. It is important

to note that the wave plate does influence the output beam profile and we observe hot

spots and distortion of the Gaussian beam. The distortion has no significant effect

on our experimental results.
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Figure 2.3: Key parameters for calculating the fluence and shots per area. (a)
Illustration of a Gaussian intensity beam profile. (b) The fluence is F = P/f

A
,

where A = π ·xe ·ye. The local fluence profile is also Gaussian. (c) Illustration
of the scanning pattern. The oval represents the area (defined by FWHM) of
one laser pulse. Each dot represents the center of the Gaussian beam when
a pulse arrives at the sample surface. The pulses are separated by ∆x and
∆y in the x and y-direction respectively. shots per area is S/A = π·xH ·yH

∆x∆y
.

The general equation for fluence is F = E
A

= P/f
A

, where E is the energy per

pulse, A is the spot size, P is the power, and f is the repetition rate of the laser pulses.

The laser intensity profile is Gaussian, I(x, y) = I0 exp(− x2

2σ2
x
− y2

2σ2
y
), where I0 is the
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peak intensity at the center of the Gaussian beam, and σx and σy are the standard

deviation in the x- and y-direction respectively (Figure 2.3). Sometimes different

research groups report fluence calculated using a different definition of area such as

full-width-at-half-max (FWHM), full-width-at-1/e-max (FW1/eM), or full-width-at-

1/e2-max (FW1/e2M), and hence this leads to discrepancies of fluence reported in

the literature. For our fluence calculation, we use the area that corresponds to the

FW1/eM of the Gaussian intensity profile. The radius xe and ye corresponds to

I(xe, 0) = I(0, ye) = I0e
−1, xe =

√
2σx, ye =

√
2σy, and the area is A = π · xe · ye.

The total power within a pulse is P =
∫ ∫∞
−∞ I(x, y)dxdy = I0π(

√
2σx)(

√
2σy).

The latter two terms correspond to xe and ye. Using the area defined by FW1/eM,

A = πxe · ye, the fluence F is also the peak fluence F0 of the local fluence profile:

F = P/f
A

= I0π(
√

2σx)(
√

2σy)/f

(π xe ye)
= I0/f = F0. The local fluence profile is also a Gaussian

(Figure 2.3b),

F (x, y) = F0 exp

(
− x2

2σ2
x

− y2

2σ2
y

)
.

2.1.3 Shots per area: the average number of laser pulses de-

livered to the sample

Since the laser beam has a Gaussian profile, when laser scans across the surface, the

surface of the sample receives a range of laser fluences [82, 83]. Instead of reporting

the detail scanning parameter such as scanning speed and pulse separation distances,

we report the average number of laser pulses delivered to the sample, called shots per

area, S/A (Figure 2.3c):

S/A =
π xH yH
∆x∆y

,

24



Chapter 2: Experimental methods and updates

where xH and yH are FWHM of the local fluence (Figure 2.3b). If S/A is 25, that

means any given point on the sample receives 25 laser pulses with a local fluence

above F0/2.

Once the spot size is set by the fluence parameter, we achieve the desired S/A

by adjusting the scanning speed v (either the speed of stepper motor or speed of the

scanning mirrors). We scan the laser pulses using a raster scanning pattern; the laser

pulse travels in the +x-direction, step a distance ∆y in the y-direction, and then

travels in the –x-direction. The separation distance between pulses is ∆x = v/f ,

where f is the repetition rate. In this thesis the repetition rate of the laser pulses

is 25, 100 or 1000 Hz. To ensure the sample is as homogenous as possible, we set

∆y/∆x = yH/xH [3].

To summarize, in the experiments described in this thesis, we set the ambi-

ent pressure in the vacuum chamber between vacuum (106) and 760 Torr. We adjust

the energy per pulse and the spot size to achieve the desired fluence. We adjust the

velocity of the stepper motor or the scanning mirrors and sometimes the repetition

rate of the laser to achieve the desired shots per area. The fluence and shots per

area parameters use in this thesis is lower than our earlier work [77, 81], because the

sample produced are with smaller surface roughness and hence are easier to make

good electric contacts to. In Chapter 3 and Chapter 4, we use fluence at 2.5 kJ/m2,

and S/A = 50 to minimize the surface roughness. In Chapter 5 and 6 we perform

hyperdoping at F = 4 kJ/m2, S/A = 80 for Se- or Te-hyperdoping; F = 8 kJ/m2,

S/A = 50 for S-hyperdoping.
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2.2 Stationary and scanning pulses

With increasing fluence, the silicon is heated, melted, or ablated after laser irradiation.

Moreover, phase transformations also occur so the resulting material can be crystalline

or amorphous [41]. Across the Gaussian fluence profile, all the above interactions can

occur. In addition to optimizing the scanning pattern discussed in Section 2.1, there

is also a minimum shots per area before the average laser interaction with silicon is

homogeneous. In Figure 2.4, we show that the laser interaction with silicon using a

small number of laser pulses and study the effect of overlapping laser pulses on phase

transformations.

∆x=60 µm

 ∆x=170 µm ∆x=105 µm

200 µm

top: stationary spots

middle: line scan

bottom: area scan

a b c d

f

g h

c-Si

a-Si

e

vacuum

Figure 2.4: Optical microscope images of silicon surface after fs-laser irradi-
ation at 2.5 kJ/m2 at a SF6 pressure of 100 Torr. Top row shows stationary
laser irradiations after (a) 1, (b) 2, (c) 4, and (d) 6 laser pulses. (e) is a
sample irradiated by 6 laser pulse in vacuum. Middle and bottom rows show
(f) a line scan, (g) an area scan, and (h) a sample irradiated at 2.0 kJ/m2.
At a fluence of 2.5 kJ/m2 and the scanning condition same as (h), the sample
surface becomes rough.
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The fluence above the melting threshold is necessary for laser doping while laser

texturing is dominated by energy above the ablation threshold. We measured the

melting threshold of silicon as 2.1 kJ/m2 [38]. We tested many different parameters

above the melting threshold and found that at 2.5 kJ/m2, the center of the laser

spot is crystalline and the surface is free of laser-induced periodic surface structures

(LIPSS) up to 6 laser pulses.

We study the effect of irradiating with additional laser pulses with and without

translating the sample. We examine irradiating silicon with 1 to 6 laser pulses on

the same position. Figures 2.4a – 2.4d show optical microscope images of samples

after irradiation with 1, 2, 4 and 6 laser pulses at a fluence of 2.5 kJ/m2 at a SF6

pressure of 100 Torr. The laser spot size (FWHM) is 560 µm. The color contrast in

Figure 2.4c and 2.4d indicates presence of amorphous silicon. This amorphous ring

is not visible after irradiating with the first laser pulse, and a very faint contrast is

visible after the second laser pulse. The size of the amorphous area increases with the

number of laser pulses. At this fluence LIPSS develops after irradiating with more

than 6 laser pulses. Figure 2.4e shows the size of the amorphous ring depends on the

processing pressure; at vacuum, the area of amorphous silicon is smaller compared to

Figure 2.4d. This suggests that the resulting material crystallinity is affected by both

the resolidfication dynamics and presence of defects and or dopants. Figures 2.4a –

2.4e show that additional laser pulses have a large impact on the crystallinity of the

material.

In addition, we scan the laser pulses over a line and an area. Figure 2.4f shows a

line scan of the same laser pulses with separation ∆x = 60µm. Figure 2.4g shows the
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result of an area scan with ∆x = ∆y = 170µm. We identify the amorphous silicon

shown in Figures 2.4f – 2.4h corresponds to the edge of the laser pulses. Gimpel et

al. also report that overlapping laser pulses leads to extra amorphization [84].

Scanning laser pulses is necessary to fabricate a sample of a large area. The

non-uniform interaction across the Gaussian beam profile leads to a material that is

not uniform when processing at low S/A. Therefore, overlapping large number of

laser pulses is necessary to ensure the sample is homogeneous. On the other hand,

overlapping large number of laser pulses also leads to laser texturing. Performing

material characterization on a rough surface is challenging, so we want to minimize

the surface roughness as much as possible. We observe that the surface of samples

fabricated at S/A = 50 appears uniformly rough and the height of the laser textures

are smaller than 2 µm. In this thesis, we choose S/A ≥ 50 when fabricating large

area samples.

2.3 Influence of SF6 pressure on surface morphology

The surface morphology of fs-laser irradiated silicon varies with different background

gas [45, 46]. The conical spikes are sharper when silicon is processed in sulfur hex-

afluoride (SF6) because fluorine radicals react with silicon and etch away silicon at

the surface. In this thesis, we vary the pressure of SF6 to control the sulfur con-

centration in the hyperdoped material. Understanding how the surface morphology

changes under different pressures of SF6 is important. Pressure dependence of hyper-

doped silicon has been reported by Crouch et al. [2]. They fabricated S-hyperdoped

silicon at 8 kJ/m2 with 500 laser pulses and observed absorption increases with the
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pressure of SF6. The laser fluence and S/A used in this thesis are lower (≤ 8 kJ/m2

and ≤ 100S/A). We observed that at some combination of SF6 pressure, fluence and

S/A, the hyperdoping is not effective.

We fabricate S-hyperdoped silicon using fs-laser with spot size of 500 µm (FWHM).

Using a combination of different fluences and S/A, we fabricate a set of samples at

pressures of SF6 between 1 and 760 Torr. In addition, we also fabricate a set of

samples with the same conditions in a nitrogen environment.

Figures 2.5 and 2.6 are representative top-view and 45-degree SEM images of

the samples. When fabricated with higher fluence and higher S/A, the conical spikes

are bigger [70]. When fabricating in SF6, the surface tends to be rougher with higher

pressure. In general this agrees with Ref. [2]. There is, however, an exception when

processing at pressure higher than 500 Torr. The lower left figure of Figures 2.5 and

2.6 shows that at 2.5 kJ/m2, 50 S/A, and 500 Torr, the surface of the sample is

composed of ripples and irregular small spikes. Similarly the spikes fabricated at 500

Torr with F = 2.5 kJ/m2, S/A = 100 and F = 4 kJ/m2, S/A = 50 are also smaller

than the spikes fabricated under 100 Torr of SF6.

As a comparison, Figures 2.7 and 2.8 show SEM images of samples fabricated

sin N2 ambient gas. When fabricated with higher fluence and higher S/A, the obser-

vation is the same as above, the surface structures are bigger. However, the surface

morphologies of sample fabricated in N2 shows no pressure dependence. Since the

nitrogen gas has no significant interaction with the silicon surface, the surface mor-

phology is independent of the N2 pressure. On the other hand, the pressure of the

SF6 has a large influence of the surface morphology. We did extensive tests and
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Figure 2.5: Top-view SEM images of silicon surface after laser irradiation
at different fluence, S/A, and SF6 pressure. Each column corresponds to a
different set of irradiation condition, and each row corresponds to a different
SF6 pressure.
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Figure 2.6: 45-degree SEM images of silicon surfaces shown in Figure 2.5.
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Figure 2.7: Top-view SEM images of silicon surface after laser irradiation
at different pressures of nitrogen. The fabrication condition is the same as
Figure 2.5 except in a nitrogen ambient environment.
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Figure 2.8: 45-degree SEM images of silicon surfaces shown in Figure 2.7
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found only with the combination of high SF6 pressure and low fluence or low S/A,

the spikes become smaller. We hypothesize that under these fabrication conditions,

the etching reaction due to the fluorine radicals is more significant than the result of

laser texturing.

Figure 2.9 shows the light absorption of samples shown in Figures 2.5 and 2.6.

The representative absorptance curves are shown in Figure 2.10. For light with energy

both above and below the silicon bandgap energy, the absorptance is proportional to

the size of the spikes. If the fluence is low (2.5 kJ/m2), the sub-bandgap absorptance

increases with SF6 pressure up to 100 Torr, and then drops significantly at 500 Torr.

The sub-bandgap absorptance drop between 100 and 500 Torr is larger than the

above-bandgap absorptance drop, so we think hyperdoping is not effective when the

etching reaction dominates in the sample fabrication process.
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Figure 2.9: representative above (left) and below (right) bandgap light ab-
sorptance of samples fabricated under different conditions. We use light ab-
sorptance at 700 nm and at 2000 nm to represent above and below bandgap
absorptance. For comparison, at 700 nm the absorptance of a silicon wafer
(Si) is 0.67 and of a control sample (N2) is 0.79. At 2000 nm the absorptance
of Si is 0.07 and a N2-sample is 0.23.
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Figure 2.10: Absorptance curve of samples fabricated at 2.5 kJ/m2, 50 S/A
and different pressures of SF6 gas. Absorptance data of a flat single side
polished silicon wafer (Si) and a control sample (laser irradiated at 10 Torr
N2) are plotted for comparison.

In this thesis, we use SF6 pressure to control the sulfur concentration. We use

pressure below 100 Torr to ensure the surface morphology of the samples does not

vary significantly. When fabricating samples at 500 Torr, we use higher laser fluences

(4 kJ/m2 and 8 kJ/m2).
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Chapter 3

The dopant incorporation mechanism

This chapter studies the fundamental processes during femtosecond-laser hyperdoping

of silicon with a gas-phase dopant precursor. We use secondary ion mass spectrom-

etry to probe how the dopant concentration profile depends on the number of laser

pulses and the pressure of the dopant precursor gas (SF6). Through the pressure

dependence on dopant incorporation, we find that the surface adsorbed molecules

are the dominant source of the dopant atoms. Furthermore, we show the material

quality is improved and the hyperdoped layer is single crystalline. The results show

that the dopant incorporation depth, concentration, and crystallinity are respectively

controlled by the number of laser pulses, pressure of the dopant precursor, and laser

fluence. These parameters are important for building a comprehensive model to de-

scribe fs-laser hyperdoping with a gas-phase dopant precursor.
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3.1 Introduction

Using pulsed lasers to introduce non-equilibrium concentrations of dopants into sil-

icon (Si), also called hyperdoping, is a promising platform for fabricating Si with

unique properties. For example, Si becomes a superconductor when hyperdoped with

boron to greater than 5 at.% [85]. When heavy chalcogens (S, Se or Te) are used as

dopants, the hyperdoped Si exhibits broad-band infrared absorption as well as pho-

tocurrent response at photon energies deep below the bandgap energy of Si [14,48,86].

Moreover, when using ultrafast lasers to perform hyperdoping, self-organized light-

trapping structures often form as a result of laser induced periodic surface structures

(LIPSS) [1,70]. Hyperdoping using femtosecond laser systems, however, often results

in poor material crystallinity and currently lacks a reliable method for controlling

the concentration profile [38]. Methods to improve material quality and to control

the concentration profile will allow fs-laser hyperdoping techniques to be used for

fabricating unique semiconductor devices.

The key processes during hyperdoping are laser-induced melting and resolidifi-

cation (Figure 3.1). After fs-laser irradiation, the dopant atoms diffuse in from the

surface while Si is molten. If the dopant concentration in the liquid is higher than

the maximum solubility in the solid, as the Si resolidifies, the dynamics of the solid-

liquid interface determines the fraction of dopant incorporated into the solid phase.

The solute trapping kinetics depends on the resolidification velocity and the diffusive

velocity of the dopant [11, 12]. If the solid-liquid interface velocity is slow compared

to the speed of diffusion (diffusive velocity), excessive solute (dopant) is rejected into

the melt from the solid during the resolidification process. On the other hand, if
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Figure 3.1: Schematics of the dopant diffusion process during pulsed-laser
melting and resolidification. For clarity, SF6 molecules in the vacuum cham-
ber or adsorbed on the Si surface is only illustrated in the left panel. The
arrows show the influx of dopant, heat diffusion and solid-liquid interface
movement direction. The red curves in the middle and right panels are illus-
trations of the dopant diffusion profile and effect of solute trapping/rejection,
which is a function of the interface velocity.

the interface velocity is fast, solute trapping occurs, achieving dopant concentration

higher than what is thermodynamically favorable [12, 30]. Therefore, the source of

the dopant atoms, diffusivity of the dopant in liquid Si, and the interface velocity

play important roles in dopant incorporation.

Models that predict the dopant concentration profiles using ns-laser doping have

been demonstrated with a technique called gas immersion laser doping (GILD) [87].

For boron or phosphorus doped Si using GILD, a strongly adsorbed layer of molecules,

such as BF3, BCl3, B2H6, and PCl3, is used as the dopant precursor [88, 89]. On the

other hand, for a dopant with low solubility such as S, a model that predicts the

dopant profiles also has been demonstrated using ion implantation followed by ns-

laser melting [6, 90]. In this case, the dopants are introduced via ion implantation,

instead of diffusion from the surface. For laser doping of S in Si, sulfur hexafluoride

(SF6), a stable, inert and commonly used industrial gas is an ideal dopant precursor.
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The equilibrium S concentration in Si is low (maximum 3× 1016 cm−3) [39], so solute

trapping is necessary to introduce S with concentration approaching 1 at.% (5× 1020

cm−3), the concentration at which interesting optoelectronic properties are reported

[48]. This study is aimed at studying S hyperdoping of Si us using fs-laser pulses with

a gas-phase dopant precursor.

In this chapter, we perform hyperdoping of S in Si using fs-laser pulses at a

fluence of 2.5 kJ/m2. We find that at this laser fluence, the hyperdoped layer is

crystalline. We study how the pressure of the dopant precursor and the number

of laser pulses influence the dopant concentration profile. Through this study, we

identified that the dominant source of the dopant material is adsorbed SF6 molecules.

This chapter provides insight of the dopant incorporation mechanism and fabrication

guidelines for fs-laser hyperdoping of Si.

3.2 Experimental

We use an amplified Ti:sapphire fs-laser system (center wavelength of 800 nm, pulse

duration 80 fs, and repetition rate of 100 Hz) and focus the laser spot to 460 µm

diameter (FWHM of a Gaussian beam profile) for hyperdoping. For measuring the

dopant concentration profiles accurately, the surface of the samples should be flat and

free of laser-ablated particles. We first perform laser irradiation tests on Si to identify

processing parameters that produce samples suitable for concentration measurements.

We examine the surface of Si samples irradiated with 1 to 10 laser pulses at fluences

between 2.0 and 4.0 kJ/m2. We use a profilometer, an atomic force microscope

(AFM) and a scanning electron microscope (SEM) to examine the samples. We find
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irradiating the sample at a laser fluence of 2.5 kJ/m2 with 6 laser pulses, the surfaces

of the samples are flat and free of ablated particles nor laser induced periodic surface

structures (LIPSS) [91].

Optical microscope images indicate that samples irradiated at a fluence of 2.5

kJ/m2 could be crystalline. To examine the microstructure of the hyperdoped Si,

we perform Raman spectroscopy to detect the presence of amorphous Si phases by

monitoring the Raman shift at 150 cm−1 and 480 cm−1. We use a Raman spectrometer

with a 10-mW, 632.8-nm HeNe laser, recorded through a 20× objective with a spot size

of approximately 10 µm. To support our Raman measurements, we also investigate

the microstructure of one sample with transmission electron microscopy (TEM). A

cross-sectional TEM sample is prepared using the lift-out method on a FEI Helios

600 dual-beam focused ion beam (FIB). Bright-field TEM images are collected with

a JEOL 2010F transmission electron microscope operated at 200 kV.

For hyperdoping, the samples are irradiated with N number of laser pulses at

SF6 pressure of P and a laser fluence of 2.5 kJ/m2. N varies from 1 to 6 laser pulses,

and P varies from vacuum (10−6 Torr) to 500 Torr. Prior to the laser treatment,

Si wafers (p-type, float zone grown, 3 kΩ·cm) are solvent cleaned and etched with

alignment markers (800-µm circular mesas with 1.5-µm step height) using standard

photolithography and reactive ion etching recipes. We then place the sample in a

vacuum chamber, using an x-y stage to align the sample to the laser beam and

pumped the chamber down to 10−6 Torr. Then we fill the gas chamber with SF6 to

the desired pressure.

To characterize the dopant concentration as a function of depth, we perform
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secondary ion mass spectrometry (SIMS) measurements. The SIMS measurements

are carried out using a 6-keV Cs ion beam with a current of 4 nA. We use the

aforementioned alignment marker to center the measurement at the center of the laser

irradiated spot and perform SIMS measurements on a square region of 20× 30µm2.

We record counts of 29Si, 32S, 34S, 19F and 18O, and the S and F counts are calibrated

against known ion-implanted Si samples.

3.3 Results

We first study the microstructure of the samples after laser irradiation at a fluence of

2.5 kJ/m2. Figure 3.2a shows Raman spectra normalized to the strong crystalline Si

signal at 520 cm−1. The Raman spectra show that the center of the laser irradiated

area is crystalline and surrounding the crystalline center is a ring of amorphous Si [92].

Figure 3.2b is an optical microscope image of the sample showing a ring of a-Si with

visible color contrast (the laser beam diameter is larger than the width of Figure 3.2b).

To investigate the center of the laser irradiated area in detail, Figure 3.2c shows a

TEM image of the sample from the center of the laser irradiated spot. In Figure 3.2d,

fast Fourier transform of a hyperdoped area from Figure 3.2c shows that the center

of the sample is single crystalline. Furthermore, the surface of the sample remains

flat; AFM measurements show the RMS of the surface roughness is 0.5 nm. At this

fluence, laser induced periodic surface structures develop after irradiating with more

than six laser pulses.

Next, to understand the relationship between S incorporation, SF6 pressure, and

the number of laser pulses used, we summarize the result of the SIMS measurement
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in Figure 3.3a. We determine the total incorporated dose of S (number of S atoms

per unit area) from the SIMS measurement. Figure 3.3a shows that there is a critical

pressure, Pcrit, between 1 and 10 Torr. At pressures lower than Pcrit, the S dose is

independent of pressure and the number of laser pulses. At SF6 pressures higher than

Pcrit, the S dose increases with both pressure and number of laser pulses.
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Figure 3.2: Microstructure of a hyperdoped sample. (a) Raman spectra taken
from three different locations of the sample: the center (black solid line), edge
of the laser irradiated spot (red dotted line), and a reference Si without laser
irradiation (blue dashed line). The locations are marked in (b) the optical
microscope image where the color contrast in shows the amorphous Si ring
surrounding the center of the laser-irradiated spot. (c) Bright-field TEM
image of a sample hyperdoped at 100 Torr with 4 laser pulses. The labels
indicate protective carbon, C, native surface oxide SiO2, and the hyperdoped
area, c-Si. The TEM sample is taken from the center of the laser-irradiated
spot shown in (b). (d) Fast Fourier transform of the area indicated in (c)
and shows the center of the laser-irradiated region is crystalline.

To study the dopant concentration profiles across the entire pressure range in

detail, Figure 3.3b shows the pressure dependence for samples irradiated at 4 laser

pulses. Below the Pcrit, the dopant concentration profile is the same. Above Pcrit,

the concentration at the surface increases with pressure. For all samples irradiated
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by the same number of laser pulses, in both the high fluence and low fluence regime,

the dopants are incorporated to the same depth.
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Figure 3.3: S dose and corresponding concentration profiles. (a) S dose, D,
as a function of SF6 pressure, P , and number of laser pulses, N . The lines
represent the slopes, β, of data points between 1 and 500 Torr. D ∝ P β.
β = 0.16, 0.24, 0.33, and 0.45 for N = 1, 2, 4, and 6, respectively. All values
of β are smaller than 1. (b) S concentration profiles of samples irradiated by
four laser pulses at different pressures. (c) S concentration profiles of samples
hyperdoped at 0.5 Torr. (d) S (solid line) and F (dashed line) concentration
profiles of samples hyperdoped at 100 Torr. S conc. of a Si control sample
(labeled N = 0) is also shown.

To study how subsequent laser pulses affect the S incorporation, we show the

evolution of S concentration profiles after irradiating with different number of laser

pulses in Figures 3.3c and 3.3d. In the low pressure regime (Figure 3.3c), the total
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S dose (area under the concentration curve) is the same, but subsequent laser pulses

allow the dopant to be incorporated deeper into the sample. In the high pressure

regime, Figure 3.3d shows that both the surface concentration and the depth of the

dopant distribution increases with the number of laser pulses. In all the profiles, the

concentration of the incorporated S is higher than the maximum solubility of S in Si

(3× 1016 cm−3).

Figure 3.3d also shows representative F concentration profiles. Due to the in-

strumentation, the F concentration uncertainty (±40%) is larger than the uncertainty

of S concentration (±20%). We found that F incorporation is similar to S incorpo-

ration; F atoms are incorporated to the same depth and the profiles have the same

shape. We find the F dose is about two times the S dose.

As a control sample, we perform SIMS measurement on Si samples without

laser irradiation. The S concentration profile of the Si control sample is shown in

Figure 3.3d (N = 0), and we find that there are no differences in the SIMS count

whether or not the Si control sample is exposed to SF6 gas. Therefore, the source

of the S counts is most likely from native oxide. Ionized oxygen molecules have the

same atomic mass as S and hence the signal contributes to the total count in the

mass spectrometer [38]. The total S dose of the control sample is 1011 cm−2, at

least an order of magnitude smaller than the S dose in our sample, so the error from

ionized oxygen molecules is a small percentage (< 10%) of the S measured in the

hyperdoped samples. Moreover, the control sample reveals the depth measurement

uncertainty. With the energetic Cs ion milling, there is a mixing effect where portion

of the atoms from the surface is push further into the sample [93]. As a result the
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depth measurement uncertainty is about −10 nm.

Lastly, we study the effect of additional laser pulses on S concentration at dif-

ferent SF6 pressures. Figure 3.4 shows the normalized S dose D(N,P )/D(N = 1, P )

as a function of laser pulses for all pressures. The SIMS experiment cannot provide
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Figure 3.4: Normalized sulfur dose (D(N,P )/D(N = 1, P )) versus number
of laser pulses at different SF6 pressures: 1 (◦), 10 (�), 100 (�), and 500
Torr (•). The data is displaced horizontally for clarity. Normalized dose
at pressure lower than 1 Torr is the same at 1 Torr, so for clarity the low
pressure data are not shown. The solid line indicates normalized dose equals
to 1. The dashed line indicates a linear trend between S dose and number of
laser pulses. The inset shows the possible surface concentration (light gray)
that is not accounted by the SIMS measurement (dark gray).

accurate dopant concentration near the surface (within 5 nm), so for analyzing the

evolution of dose as a function of laser pulses, it is necessary to estimate the sur-

face concentration. We estimate the surface concentration with different scenarios:

constant dopant concentration, a linear dependence, and an exponential dependence

(Figure 3.4 inset). We include these estimations of the surface concentration into
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the error bars. Figure 3.4 shows different trend for different pressure regimes: at the

low pressure regime (P ≤ 1 Torr), the total S dose is introduced in the first laser

pulse. At higher pressures (P ≥ 100 Torr), the dose increases super-linearly with the

number of laser pulses.

3.4 Discussion

We first discuss the microstructure of the material and then discuss the S incorpora-

tion mechanism through examining the pressure and pulse number dependence of S

incorporation. These results provide guidelines for controlling the dopant concentra-

tion and crystallinity using femtosecond laser hyperdoping.

3.4.1 Crystalline phase

The laser fluence used in this chapter is carefully chosen to optimize the material

crystallinity and minimize surface texturing. Unlike our previous report, where the

fluence used was higher than the ablation threshold and resulting material was amor-

phous [38], we now observe a crystalline phase (Figure 3.2). Bonse et al. report that

there is a small fluence range between the melting and ablation threshold where the

laser treated material remains crystalline [41]. Using both cross-sectional TEM and

Raman spectroscopy, we identified that at a laser fluence of 2.5 kJ/m2, the center of

the laser spot is crystalline. We demonstrate that we are able to control the result-

ing material crystallinity by carefully selecting the laser fluence and as a result the

material quality is improved.

The microstructure of the hyperdoped layer depends on the resolidification dy-
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namics, so from the crystallinity of our sample, we can identify the upper bound of the

resolidification velocity. For Si, a crystalline phase cannot form if the solid-liquid in-

terface moves faster than 15 m/s [37]. Since the hyperdoping area yields a crystalline

material (Figure 3.2a), the solid-liquid interface velocity is less than 15 m/s during

the entire resolidification process. On the other hand, the edge of the laser-treated

spot is amorphous. This is because the laser beam has a Gaussian profile, the local

fluence varies, and the resolidification velocities are different within the laser spot.

Laser scanning is commonly used for fabricating large-area samples. Although

we identified a fluence range where hyperdoped Si is crystalline, Gimple et al. show

that the amorphous phase is enhanced when scanning the laser pulses [84]. Thus the

presence of amorphous Si prevents hyperdoping over a large area while maintaining

the crystalline phase using a Gaussian beam [38](See also Chapter 2). For large area

fabrication, using a flat-top beam to minimize the amorphous region can be promising.

Our finding provides insight for fabricating hyperdoped Si with better crystallinity

and hence better material quality.

3.4.2 Source of dopant atoms

We investigate how S is incorporated into Si from the ambient environment. There

are two sources of the dopant precursors: molecules adsorbed on the Si surface prior

to laser irradiation or gas-phase molecules impinging on the Si surface while Si is

molten (Figure 3.1) [94]. The number of gas-phase molecules impinging on the Si

surface is linearly proportional to the pressure, while the thickness of the adsorbed

molecules depends on the adsorption isotherm and can be a non-linear function of
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pressure. Thus, thorough examining how the dopant incorporation depends on pres-

sure, we can determine which form of the dopant precursors is the dominant source.

Figure 3.3a shows the dopant incorporation in two pressure regimes; dopant incor-

poration only exhibits pressure dependence above a critical pressure. Furthermore,

at higher pressure, the pressure dependence is less than linear (fit lines with slope

β < 1). Since we do not observe a linearly dependence on pressure, this suggest

that, in either pressure regime, the impingement rate of gas-phase molecules is not

the major source of dopant atoms. Thus the surface adsorbed SF6 molecules are the

dominant source.

This phenomenon where the incorporated dose depends on pressure only above

a critical pressure threshold has been reported in ns-laser doping of phosphorous in

Si using PF5 or PCl3 as dopant precursors [95,96]. Both papers suggest the adsorbed

layer is the dominant source of the dopant, and the adsorbed layer thickness gives

rise to the non-linear pressure dependence of dose. At low pressure, the dopant

atoms are supplied by a layer of chemisorbed molecules where the adsorbed thickness

is independent of pressure, and at higher pressure additional physisorbed molecules

increases the thickness of the adsorbed layer. While the exact adsorption isotherm

of SF6 on Si is not known, this further supports that the adsorbed molecules are the

dominant source.

In this study, we show that there is also significant amount of F incorporation.

Previous studies on hyperdoping Si using SF6 as dopant precursors did not focus on F

incorporation. SF6 molecules are inert and stable, but can etch Si when the molecules

are excited or ionized [97,98]. The product of the etching reaction is Si tetrafluoride
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(SiF4) which is a volatile gas product. SF6 molecules do not absorb 800-nm radiation

but are thermally decomposed at the gas-solid interface after laser irradiation.1 We

hypothesize that after decomposition, some of the F atoms react with Si and some are

incorporated into Si. As a result, we observe that both S and F are incorporated, and

we obtain F concentration about twice as much as S. The structural and electronic

properties of F dopant in Si is not well known, some reports suggest F atoms form

small SiF4 clusters inside crystalline Si [100,101]. While the etching reaction greatly

impacts the F concentration, we cannot detect any morphological changes; the etch

depth is small and introduces negligible surface roughness.

3.4.3 Pulse number dependence and concentration profiles

We study the total S dose incorporation and find the amount of dopant incorporated

is only a small fraction of the molecules in the ambient environment. Comparing the

S dose in Figure 3.3a to a density of monolayer surface coverage (1015 atoms per cm2),

we find that the S dose incorporated into Si (1012 cm−2) for N = 1 is far less than

the equivalent of a monolayer coverage of SF6 molecules in Si. In this section, we

first estimate the time scale for SF6 molecules to build up on a clean Si’s surface, and

then discuss that only a small fraction of the total SF6 molecules near the surface of

Si is incorporated in the hyperdoping process.

We estimate how fast SF6 molecules build up on the Si’s surface and show that

equilibrium adsorption is achieved at all pressures prior to laser irradiation with the
1It has been reported that SF6 molecules dissociates under intense laser irradiation at 800 nm,

but this phenomenon is only observed at intensities higher than 4 × 1014 W/cm2, more than two
orders of magnitude higher than the process used in this experiment (2.5× 1012 W/cm2) [99].
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Table 3.1: Impingement rate of of SF6 molecules at different pressures. The
impingement rate is: Jimp = NAP/

√
2πMRT , where NA is Avogadro’s num-

ber, P is the pressure, M = 146 is the molecular weight of SF6, R is the
universal gas constant, and T is temperature. Based on the impingement
rate and estimating the surface density of 1015 cm−2, we calculate the mini-
mum time it takes to build up monolayer coverage by assuming the sticking
coefficient is equal to 1.

Pressure Imp. Rate Time to build up
(Torr) (cm−2s−1) a monolayer
10−6 2× 1014 5 s
0.5 1× 1020 10µs
1 2× 1020 5µs
10 2× 1021 0.5µs
100 2× 1022 50 ns
500 1× 1023 10 ns

first pulse. In Table 3.1, we calculate the impingement rate of SF6 on a surface

from the ideal gas law [102]. We find the minimum time that is required to achieve

monolayer coverage by assuming the sticking coefficient is unity (all the molecules

impinging on the surface stays on the surface). In the case of vacuum, we estimate

that the minimum time required for building up a monolayer on the Si surface is only

5 s, much shorter than the time scale required for setting up the experiment. The

impingement rate scales linearly with pressure, so at higher pressures the time it takes

to achieve equilibrium adsorbed layer is much shorter than 5 s. From this analysis,

the amount of SF6 molecules adsorbed on the surface of Si is at equilibrium before

the hyperdoping process, and this suggests that either the amount of SF6 molecules

adsorbed is small or only a small fraction of the dopant is incorporated during the

hyperdoping process.

Our investigation into the effect of additional laser pulses on S concentration
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shows unexpected observation at both low and high pressure. At pressures below 1

Torr, Figure 3.4 shows that the total S dose is introduced in the first laser pulse,

and subsequent laser pulses introduce zero influx of dopant material. The repetition

rate of the laser is 100 Hz, so the time separation between laser pulses is 10 ms.

Table 3.1 suggests that at 0.5 and 1 Torr, the surface adsorption reaches steady state

on the order of 10s of microseconds. So before the subsequent laser pulses arrives

at the sample surface, we expect more SF6 molecules adsorbed at the surface. Thus

it is interesting that at 0.5 and 1 Torr the additional laser pulses do not introduce

more S dopants. It is possible the actual time to achieve steady state is much longer

than estimated in Table 3.1 if the sticking coefficient is much less than one or the

desorption rate is high.

At pressures equal to 100 and 500 Torr, the S dose increase more than linearly

compared to the number of the laser pulses used (Figure 3.4). For the S dose to

increase more than linearly, the dopant flux needs to increase with successive laser

pulses. One possible reason is that with more laser pulses, the native oxide on the

surface can diffuse into Si or be removed [1, 103]. The flux then increases because S

atoms can diffuse into Si more easily without the surface oxide [96]. As a preliminary

result, we observe super-linear trend at high pressure as the number of laser pulses

increases. Studying effects on surface treatments, such as removing the native oxide

prior to hyperdoping, will provide more information.

Lastly, we outline where additional information on the laser melting and resolid-

ification dynamics is needed to elucidate the hyperdoping process. First, in Figure 3.3

we observe that the dopant incorporation depth increases with the number of laser
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pulses. The depth increase is a result of either increasing the melt depth or increasing

the diffusion length. Information on the melt depth and melt duration will allow us

to calculate diffusion length and compare the two length scales. Second, the resolidi-

fication velocity is necessary to describe the solute rapping kinetics. With the surface

boundary condition we analyzed in Sec. 3.4.2, and if the details on melting and reso-

lidification dynamics is available, we can calculate the dopant concentration profiles

including the solute trapping and rejection. Here we hope to provide insights for

building a predictive model of doping material with low solubility from a gas-phase

dopant precursor [104].

To summarize this section, we observe the S dose is independent of number of

laser pulses at pressures at or lower than 1 Torr and is super-linear at 100 and 500

Torr. We also observe the depth of the dopant incorporation increases with additional

laser pulses. Information on surface treatments, melt duration and resolidification

dynamics are needed to explain the observed dose and concentration profiles.

3.5 Conclusion

In conclusion, we preform fs-laser hyperdoping under different dopant precursor pres-

sures with different number of laser pulses. We have identified that at a fluence of 2.5

kJ/m2, we can form single crystalline hyperdoped Si using fs-laser irradiation. We

study the dopant concentration profile and dose using SIMS, and we find there are two

pressure regimes. At pressures below 1 Torr the dose of S incorporation is indepen-

dent of pressure and number of laser pulses; at pressures higher than 10 Torr, the S

dose increases with both pressure and number of laser pulses. Analyzing the pressure
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dependence of dopant incorporation reveals that the surface adsorbed molecules are

the dominant source of the dopant material. Analyzing the effect of multiple-pulse

irradiation shows that the dopant incorporation depth depends on the number of laser

pulses. This chapter provides insight of the dopant incorporation mechanism, fab-

rication guidelines for hyperdoping Si with high crystalline quality, and information

for building a predictive model to engineer desired dopant concentration profiles.
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Intermediate band conduction in

fs-laser hyperdoped silicon

We use fs-laser hyperdoping to introduce non-equilibrium concentrations of sulfur into

silicon. With increasing dopant concentration, the sub-bandgap absorption increases.

We anneal the samples at 975 K for 30 minutes and then perform Hall and resistivity

measurements at temperatures between 14 and 300 K. The carrier concentration and

resistivity as a function of temperature suggests that the dopant concentration is

below the insulator-to-metal transition and the samples have a localized intermediate

band. Using a two-band model, we analyze the dopant concentration and the location

of the intermediate band.
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4.1 Introduction

In recent years, advances in doping techniques have enabled various methods of in-

troducing non-equilibrium concentrations of dopants into host materials. Beyond

traditional choices of dopants, hyperdoping silicon with deep level dopants can intro-

duce interesting optical [4,105], electronic [61], and optoelectronic properties [48,86].

These unusual properties are a result of the high dopant concentration, which can

broaden the dopant energy level into a band, often called the impurity band or the

intermediate band. In the context of this work, impurity band and the intermedi-

ate band have the same meaning, and we use these two terms interchangeably to be

consistent with the literature we reference. In this work, we report the electronic

transport properties of silicon supersaturated with deep level dopants and present

methods to identify the location of the intermediate band.

We first review literature on the impurity band [106]. Impurity bands from

shallow dopants have been reported in many host materials, including Ge, Si, and

GaAs [107–110]. When a dopant, for example a phosphorus atom, is introduced into

silicon, the dopant electron is bound and localized to the dopant ion. The energy

required to excite the electron to the conduction band where the electron is delocal-

ized is the dopant energy level. By measuring the number of carriers as a function

of temperature, one can probe the dopant energy level. When the dopant concen-

tration increases, the average separation between the dopant atoms decreases, and

the interaction between dopant electrons increases. At a critical concentration, the

electron-electron interaction leads to a delocalized dopant energy band instead of

a single dopant energy level. In many systems, the critical concentration, ncrit, is
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approximately ab · n1/3
crit = 0.2, where ab is the effective Bohr radius of the dopant

electron [111,112]. Above ncrit, a condition referred to as the insulator-to-metal tran-

sition, the energy required to promote an electron to a delocalized state vanishes.

The temperature dependence of carrier concentration also vanishes, and at temper-

atures approaching 0 K, the electrical conductivity remains non-zero. The signature

for when the insulator-to-metal transition occurs thus is seen in the form of a finite

conductivity when T → 0.

At dopant concentrations just below the insulator-to-metal transition, the sam-

ples can exhibit low temperature conductivity. The electron wave functions are lo-

calized, but the carrier concentration as a function of temperature is not described

by the freeze out of the electrons from a single dopant energy level. Thus, below the

insulator-to-metal transition, there is another critical concentration at which the low

temperature conductivity exhibits band-like behavior, and electrons conduct through

hopping [113]. It requires considering two bands, the conduction band and the impu-

rity band, to describe the observed temperature dependence in the electronic trans-

port data [107,112,114]. Even though most of the literature still uses impurity “band”

to refer to systems below the insulator-to-metal transition, it is important to point

out that electronic states in the “band” are strictly localized [106].

Studying properties of deep level intermediate bands is a significant challenge

because for deep level dopants, the maximum solid solubility is low. Reliable hyper-

doping techniques are essential for studying deep level dopants at higher concentra-

tions. Furthermore, since hydrogen-like models do not describe deep level dopants

well [115], the effective Bohr radius is not a good measure to estimate the criti-
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cal concentration for band formation. Examples of these deep level dopants include

heavy chalcogens (S, Se and Te). Sulfur dopants, for instance, have energy levels at

188 or 318 meV below the conduction band edge, depending on their atomic con-

figuration [47]. Many studies use ion-implantation to introduce high concentrations

of chalcogen dopants into silicon and report low temperature conductivity, but it is

hard to rule out peculiar effects due to ion-implantation damage [116–118]. In 2011,

Winkler et al. used ion-implantation followed by nanosecond-pulsed laser melting to

heal the crystal lattice and identified insulator-to-metal transition for S-hyperdoped

silicon at a critical concentration between 1.8 and 4.3× 1020 cm−3 [61].

In this chapter, we use fs-laser hyperdoping to introduce non-equilibrium con-

centrations of sulfur into silicon and find that the samples exhibit temperature depen-

dence consistent with systems below the insulator-to-metal transition. We present

methods to study the low temperature electronic transport data and identify the

location of the intermediate band. We identify a localized “band” formation be-

low the insulator-to-metal transition. These findings are important for evaluating

S-hyperdoped silicon for potential applications and provide analysis techniques to

study other deep level dopants [119].

4.2 Experimental

Silicon wafers ((100) orientation, float zone grown, p-type, 10 Ω·cm) are cleaned to

remove organic and metallic contaminants [120]. The wafer is placed in a chamber and

irradiated at normal incidence with Ti:sapphire laser pulses with 80-fs pulse duration

(center wavelength at 800 nm and 1-kHz repetition rate). The chamber is filled with
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sulfur hexafluoride (SF6) gas at a pressure between 1 and 100 Torr. The laser pulses

have an average energy of 1.0 mJ and are focused to a spot size of 600 µm (FWHM

of a Gaussian intensity profile), yielding a fluence of 2.5 kJ/m2. A set of scanning

mirrors scans the laser beam across a 25 × 25 mm2 area and translates subsequent

pulses by 75 µm such that any given spot in the irradiated region is exposed to 50 laser

pulses. After laser irradiation, samples are annealed for 30 minutes in an open-tube

furnace with a flow (280 sccm) of forming gas (95% He, 5% H2) at 975 K.

After sample fabrication, we study the light absorption properties, surface mor-

phologies and dopant concentrations. Using a spectrophotometer, we collect trans-

mission (T ) and reflection (R) spectra and calculate absorptance (A = 1−R−T ). The

spectrophotometer is equipped with an integrating sphere in order to collect trans-

mitted and reflected light at all angles. We perform secondary ion mass spectrometry

(SIMS) measurements to verify the sulfur concentrations in these samples.

For measuring electronic properties of these samples, we cut samples into 6-

mm squares and deposit 1.2-mm square Ti-Ni-Ag (20–20–200 nm, Ti adjacent to Si)

contacts at four corners of the samples. We also deposit Al contacts at the back of

the samples for measuring the current-voltage properties of the junction between the

laser-doped region and the substrate. The samples studied in this work for transport

measurements all have Ohmic contacts and rectifying diode behavior. We use the van

der Pauw technique [121,122] for temperature-dependent resistivity and Hall measure-

ments using a constant excitation power between 25 to 100 nW to avoid self-heating

effects while minimizing measurement errors. Measurement temperatures between

10 and 300 K are controlled by a closed-cycle helium cryostat. Hall measurement is
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performed at a magnetic field B = 0.6 T.

Sheet carrier concentration ns is calculated from the measured Hall voltage VH

using ns = rH
I B
q VH

, where rH is the Hall scattering factor, I is the excitation current

and q is the elementary charge (see also Appendix A). We assume the Hall scattering

factor is equal to 1 [61]. If the hyperdoped layer thickness, d, is well defined, the carrier

concentration is nH = ns/d. In this work, we focus our analysis on normalizing ns(T )

to ns(T = 300) at room temperature. The advantage of studying normalized ns,

instead of ns itself, is that we do not need to assume a certain thickness of d, and we

can still analyze the temperature dependent behavior (Section 4.4). In addition, as

long as the Hall scattering factor rH depends weakly on temperature, we do not need

to know how much rH deviates from 1. After obtaining sheet resistivity ρs and sheet

carrier concentration ns, we calculate the Hall mobility µH , using µH = (q ρs ns)
−1.

4.3 Results

Figure 4.1 shows the sulfur concentration and the sub-bandgap absorption of samples

hyperdoped at different SF6 pressures. The SIMS measurements indicate that the S

concentration near the surface increases with pressure from 2.0 × 1018 to 1.3 × 1019

cm−3. With increasing SF6 pressure, the sub-bandgap absorption increases as well.

Annealing improves the crystallinity and the material becomes polycrystalline [2].

After annealing at 975 K, we find no difference in the S concentration from the

SIMS measurements. After annealing, however, the sub-bandgap light absorption is

reduced and no longer a function of the SF6 pressure. Absorption spectra and SEM

images are shown in Figure 4.2. The surfaces of the samples are rough after laser
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Figure 4.1: Average sub-bandgap absorptance (•) and sulfur concentration
(�) of samples hyperdoped at different pressures of SF6. For average sub-
bandgap absorptance, we average the absorptance at wavelengths between
1250 and 2500 nm. We show absorptance both before (blue) and after an-
nealing (black). The S concentration is measured after annealing.

doping, but the surface morphologies are very similar between samples fabricated at

different pressures. The residual sub-bandgap light absorption of 0.2 could be due to

a measurement error from light scattering out of the detector (see also Appendix B).

To study the electronic properties, we focus only on the samples annealed at

975 K. We find that only the samples annealed at 975 K or higher temperatures ex-

hibit diode formation between the hyperdoped region and the substrate. A rectifying

junction between the hyperdoped layer (n-type) and the substrate (p-type) isolates

the measurement current to within the hyperdoped layer, and thus allowing us to

probe only the properties of the hyperdoped layer. Therefore, we only perform Hall

and resistivity measurements on samples annealed at 975 K.

Figure 4.3 shows sheet carrier concentrations, sheet resistivities, and Hall mo-

bilities as functions of inverse temperature. Samples A, B, C, and D refer respectively
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Figure 4.2: Absorptance of S-hyperdoped silicon (a) before and (b) after
annealing. (c) – (e) 45◦ SEM images of samples hyperdoped at 1, 10, and
100 Torr, respectively.

to silicon hyperdoped at SF6 pressures of 1, 10, 20, and 100 Torr followed by a 30-

min annealing at 975 K. Figure 4.3a shows that the carrier densities exhibit little

temperature dependence, and the Hall measurement data indicate n-type carriers

for all four samples at all temperatures. In contrast, the Si substrate is p-type and

the carriers freeze out quickly as the sample cools down. To further investigate the

temperature-dependent carrier concentrations, Figure 4.3b shows normalized sheet

carrier concentration. For Samples C and D, we observe more carriers at low tem-

peratures than at room temperature. Figure 4.3c shows the sheet resistivity is in the

range of 2.1 to 2.6 kΩ/� at room temperature, and at the lowest temperature (14 K)

resistivity increases by a factor of 5 to 7. The Hall mobility shown in Figure 4.3d is

proportional to the inverse product of ns and ρs. Since ns is relatively independent of
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temperature, the Hall mobility shows inverse trend of ρs. For example, for Sample C,

the Hall mobility decreases from 55 cm2V−1s−1 at room temperature to 7 cm2V−1s−1

at low temperature.
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Figure 4.3: Temperature-dependent transport measurements: (a) sheet car-
rier concentration, (b) normalized carrier concentration with all values nor-
malized to the sample’s sheet carrier concentration at room temperature, (c)
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4.4 Discussion

In this discussion, we present methods to study the hyperdoped silicon samples

through analyzing the small temperature dependence of the carrier concentration.

Temperature-dependent characteristics are useful for identifying fundamental prop-

erties of dopants in the host material. For example, by fitting how carriers freeze

out, one can find the dopant energy level. On the other hand, in a semiconductor,

if a sample is doped with concentrations higher than the insulator-to-metal transi-

tion, the sample exhibits metallic-like conduction (conductivity that is independent

of temperature) [109, 110]. We first introduce fundamental equations for describing

carrier concentration as a function of temperature. Then we discuss using a two-band

model to describe transport properties in hyperdoped silicon.

4.4.1 Carrier concentration at thermal equilibrium

In a non-degenerate regime, the number of carriers in the conduction band, nc, is

described by the Fermi level,1

nc = Nc · e(Ef−Ec)/(kT ), (4.1)

whereNc is the effective density of states in the conduction band, Ef is the Fermi level,

Ec is the energy of the conduction band minimum, and k is Boltzmann’s constant.

At the same time, if there are donors at density Nd and compensating acceptors

at density Na, and if we assume a negligible concentration of intrinsic carriers, the
1In Section 4.4.3, we show that the analysis for a non-degenerate regime applies to our sample.
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number of electrons in the conduction band is described by,

nc = Nd −Na −
Nd

1 + 1
2
e(Ed−Ef )/(kT )

, (4.2)

where the last term describes the number of donors that are not ionized, and Ed is the

energy level of the donor. We focus the discussion on donors, and the same principle

holds for acceptors. Substituting e−Ef/(kT ) in Eq. 4.2 with Nc

nc
e−Ec/(kT ) from Eq. 4.1,

and defining ∆E = Ec − Ed , the full solution for nc is:

nc =
1

2

(
−(Na + A) +

√
(Na − A)2 + 4NdA

)
, (4.3)

where A = Nc

2
e−(∆E)/(kT ). We can thus obtain the number of carriers as a function

of T , ∆E, and the donor and acceptor concentrations.

In Eq. 4.2, we assume each donor contribute one donor electron at energy level

Ed. For dopant atoms that contribute more than one donor electrons, each at a

different energy level, Eq. 4.2 applies only to temperature ranges where the Fermi

level is close to the particular energy level Ed [123]. For example, sulfur dopants are

double donors; in a dilute concentration, a single substitutional sulfur dopant has

two energy levels at 0.3 and 0.6 eV below the conduction band edge [47]. In the

low temperature regime, the deeper level is not ionized and does not contribute to

conduction, and the situation is equivalent to one with a single donor. At higher

temperature, one needs to consider the double donor nature of the sulfur dopants.

Since our experiment study transport properties at low temperatures, we consider a

single donor electron and apply Eq. 4.2.

For low doping concentrations and a moderate temperature regime such that
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Na � A� Nd, we have approximately [124],

nc =
√
NdA =

√
NdNc

2
e−∆E/(2kT ). (4.4)

This equation describes how fast the electrons in the conduction band freeze out as

the temperature decreases. The analysis for acceptors is the same. Using Eq. 4.4

to fit the slope of measured data at temperatures between 25 and 82 K for the Si

substrate, we obtained the dopant energy level at 48 ± 3 meV. The measured boron

dopant energy level matches well with the literature value (45 meV) [125]. Here we

only describe the semiconductor physics necessary for finding a donor energy level

in a moderate temperature range. Detailed descriptions of semiconductor behavior

in different temperature regimes can be found in Ch. 4 of Ref. [124] and Ch. 3 of

Ref. [3]. Detailed descriptions of semiconductor behavior in a degenerate regime can

be found in Ch. 3 of Ref. [123]

4.4.2 Two-band conduction at high dopant concentration

CB

VB

IB

∆E

μini

μcnc

b = μc /μi

Nd = nc + ni + Na

x = ni /nc

Figure 4.4: Two-band model schematics.

With the presence of an intermediate band (schematic shown in Figure 4.4), if the
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electrons are mobile in the intermediate band, then the Hall measurement not only

measures nc, the carriers in the conduction band (CB), but it also probes ni, the

carriers in the intermediate band (IB). Since the carriers in CB and IB have different

mobilities, µc and µi, the measurement is a weighted average of carriers in the two

bands (see Appendix A for the derivation) [106]. First, the measured conductivity of

the sample is the total conductivity of the two bands:

σH = σc + σi = e (nc µc + ni µi), (4.5)

where we use subscripts c, i, and H to denote properties of the CB, the IB, and the

transport measurements (Hall and resistivity), respectively. The weighted average

of carriers in the two bands gives the following expression for the measured Hall

carriers [107]:
1

nH
=

(
σc
σH

)2
1

nc
+

(
σi
σH

)2
1

ni
. (4.6)

Finally, the measured Hall mobility is:

µH =
nc
nH

µc +
ni
nH

µi. (4.7)

Fermi statistics still hold, and Equations 4.1 to 4.3 are still valid. Moreover, the num-

ber of carriers in the intermediate band is equal to the non-ionized carriers described

in Eq. 4.2,2

ni = Nd −Na − nc =
Nd

1 + 1
2
e(Ed−Ef )/(kT )

. (4.8)

Although the Hall measurement now reports a weighted average of the carriers in

the two bands, it is still possible to find the dopant energetics through temperature-

dependent measurements. We use a two-band model, developed in the 1960s to
2The factor 1/2 in the denominator of Eq. 4.8 describes the density of states for a localized band.

For a delocalized band, the factor is equal to 1 [110].
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describe the Hall measurement data [110,114,126]. Let b be the ratio of the mobility

of carriers in the CB to that in the IB, b = µc/µi. And let x be the ratio of the

carrier density in the IB to that in the CB, x = ni/nc. We can rewrite nH using

Equations 4.5 to 4.7,

nH = nc
(b+ x)2

b2 + x
. (4.9)

Emel’yanenko et al. point out that, compared to x, b depends much more

weakly on temperature, so b can be approximated as a constant [114]. For example,

if we take Nd = 1.1 × 1018 cm−3, ∆E = 70 meV, and Na = 0, we can calculate

nc using Eq. 4.3, ni using the first part of Eq. 4.8, and obtain x. Figure 4.5 shows

calculated Fermi level, ni, nc, and nH as a function of inverse temperature. The

relative position of the Fermi level and Ed indicates the distribution of carries in the

IB and in the CB (Figure 4.5a). The Fermi level is independent of b and is below Ed
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Figure 4.5: Calculated (a) carrier concentrations and (b) Fermi level as a
function of inverse temperature with Nd = 1.1 × 1018 cm−3, ∆E = 70 meV.
Carrier concentration in the intermediate band ni (green) and conduction
band nc (blue) depends on Nd and Ed. The measured Hall carrier concentra-
tion, nH , depends on Nd, Ed, and the mobility ratio of the two bands. The
black solid line shows nH for b = 6 and the black dashed line shows nH for
b = 40.
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for temperature above 210 K. At high temperatures, most carriers are ionized into

the CB band, so x → 0 and nH → nc, and the measured carrier are just carriers in

the CB. At low temperatures, all the carriers are in the IB, so x � b and nH → ni.

In the intermediate temperature, nH exhibits a minimum. For an IB that is isolated

from the CB, Figure 4.5b shows the characteristic shape of the nH curve as a function

of inverse temperature: a minimum dip follow by a temperature-independent line at

lower temperatures [113].

To gain better intuition of the model, curves of nH with different values of Nd,
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∆E, and b are shown in Figure 4.6a. We see that the size and the location of the

minimum in nH depend on all variables. Figures 4.6b and 4.6c show normalized

nH ; Each curve is normalized to its nH value at 300 K. Unlike shallow dopants

[114, 127], only a fraction of deep level dopants are ionized into the CB at room

temperature. Therefore, for all of the curves, nH at low temperatures is higher than

nH at room temperature. The larger the donor concentration, the dopant energy

level, or the mobility ratio, the higher nH is at low temperatures compared to nH at

room temperature.

4.4.3 S-hyperdoped silicon

We performed a least-squares fit of the normalized ns data shown in Figure 4.3b with

three fitting parameters: Nd, ∆E, and b. By normalizing the data, ns(T )/ns(300) =

nH(T )/nH(300), so our analysis does not require knowing the exact sample thickness

d. We found a weak dependence of the fitting quality on Na, so Na was excluded

from the fitting routine (Na = 0). Figure 4.7 shows the fitted curves compared to our

measurements, and Table 4.1 shows the value of the fitting parameters. The fitting

result suggests that ∆E is large and Nd is small, implying our system is in the non-

degenerate regime, so we indeed can apply the approximation we use in Eq. 4.1 [123].

The fit quality is the best for Sample D, which has the highest dopant concentration.

As the dopant concentration increases, the number of donors increases and the dopant

energy level reduces. The large values of Ed we obtained from the model suggest that

the intermediate band is isolated from the conduction band edge.

Comparing Nd to the SIMS concentration for Sample D, we find that Nd only
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accounts for 10% of the sulfur dopants in the sample (Table 4.1). Another study

reports similar finding where 90% of the sulfur dopants in hyperdoped Si are not

detected by Hall measurements [3]. It is possible that the majority of the sulfur

dopants occupy a much deeper energy level, the dopants are not electrically active,

or the electrons are not mobile.

Table 4.1: Sulfur concentrations and two-band model fitting results for sam-
ples hyperdoped at different SF6 pressures.

SF6 SIMS S Two-band model
Sample pressure concentration Nd ∆E b

(Torr) (1018 cm−3) (1018 cm−3) (meV)
A 1 2.0± 0.3 – – –
B 10 6.7± 1.0 0.002 150± 60 4.4± 0.6

C 20 – 0.4± 0.2 80± 10 4.7± 0.5

D 100 13± 2 1.1± 0.6 70± 10 6.4± 0.5

D without annealing 100 16± 2 – – –
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We point out two outstanding issues of this analysis. First, for a deep level

dopant, the two-band model implies the number of carriers at low temperature is

always higher than the number of carriers at room temperature (Figure 4.6b), so we

cannot find a good fit for sample A, the sample with lowest dopant concentration. It is

likely that in addition to the intermediate band, there are isolated energy levels where

the carriers are not mobile and hence not measureable once the electrons occupy the

level [106]. Second, the two-band model assumes the band width of the intermediate

band is relatively small compared to ∆E [114]. Density functional theory (DFT)

calculations suggest that the band-width of the sulfur intermediate band could be

large [64, 128]. Ignoring the bandwidth in the IB could influence the quality and the

result of the fit.

4.4.4 Intermediate band below the insulator-to-metal transi-

tion

Figure 4.3c shows that the resistivity increases as temperature decreases, indicating

the absence of metallic-like conduction. Instead, we observe hopping conduction at

low tempreature. The temperature-dependent resistivity suggests the carrier concen-

tration in our sample is below the insulator-to-metal transition, and the electron wave

functions in the intermediate band are localized. Fitting the conductivity data below

25 K to an Arrhenius equation, we obtain an activation energy of 0.53 ± 0.04 meV.

The presence of hopping conduction further supports that our system is below the

critical concentration for delocalized band formation.

When electronic wave functions in the “band” are localized, compensating ac-
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ceptors (NA) are essential for low-temperature conductivity [112]. When there are

compensating centers, electrons occupy the compensating states and leave behind

empty states in the IB. The presence of empty states enables carriers to conduct by

hopping from occupied states to empty states. There is an activation energy associ-

ated with carrier hopping, so the conductivity decreases as temperature decreases.3

While we have clear evidence of hopping conduction, we cannot determine the

origin of the compensating acceptors. In this experiment, the substrate is p-type and

has acceptor concentration at 1.1 × 1015 cm−3. Furthermore, compensating accep-

tors, among other types of defects, could be created during the hyperdoping [2] and

annealing process [118]. To address this, future experiments with different levels of

acceptor concentration in the substrate are essential to elucidate the origin of the

compensating acceptors.

4.4.5 Electronic properties decoupled with optical properties

We hypothesize that annealing is necessary for diode formation due to the presence

of laser-induced defects. After fs-laser hyperdoping, we observe that without an-

nealing there is no diode isolation between the hyperdoped layer and the substrate

underneath. For samples annealed at temperatures below 975 K, majority of the

measurement current flows through the substrate and hence the measurement merely

reflects the properties of the substrate. It is possible that the presence of amorphous

silicon and other defects reduces the shunt resistance significantly, and the current

is shorted through the substrate. Our earlier study shows that after fs-laser hyper-
3In the two-band model, the mobility is set to be a constant independent of temperature, so the

model does not take into account how the compensating acceptor affects conductivity.
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doping, the sulfur dopants are electrically active immediately following the doping

process [38]. Thus, instead of activating the dopants, the purpose of annealing is to

remove lattice defects.

Annealing also reduces sub-bandgap absorption, and the central question is

whether annealing significantly modifies the band structure, specifically the IB nature

of the hyperdoped silicon. After annealing, the samples have no strong sub-bandgap

absorption, but the concentration of sulfur dopant is sufficient to form an localized IB

below the insulator-to-metal transition. The implication of our observation is that the

formation of a localized IB is not necessarily coupled with sub-bandgap absorption.

As we are interested in the states that contribute to sub-bandgap absorption, future

directions include reducing the laser irradiation damage without furnace annealing,

or developing methods to isolate the hyperdoped layer from the substrate. Studying

the electronic properties before annealing is important to understand how annealing

affects the band structure and whether the deactivation of sub-bandgap absorption is

due to a reduction of the dopant concentration by dopant diffusion or to the dopant

changing its chemical state [44,65,129].

4.5 Conclusion

We fabricate S-hyperdoped silicon with dopant concentrations between 2.0×1018 and

1.3× 1019 cm−3 using fs-laser hyperdoping at SF6 pressures between 1 and 100 Torr.

After furnace annealing, the sub-bandgap light absorption is significantly reduced, but

the dopant concentration is sufficient to form a localized intermediate band below the

insulator-to-metal transition. Our study shows that intermediate band formation is
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not directly coupled with sub-bandgap absorption.

Using the two-band model, we can identify the location of the intermediate band

and the donor concentration. To our knowledge, this is the first time the two-band

model has been applied to a deep level IB. Analyzing the temperature-dependent

Hall data, we find that at the highest dopant concentration (1.3 × 1019 cm−3), the

intermediate band is 70 meV below the conduction band edge. The analysis method

is useful for studying hyperdoping with deep level dopants.
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Mid-infrared absorptance

Silicon hyperdoped with heavy chalcogen atoms via femtosecond-laser irradiation ex-

hibits strong broadband, sub-bandgap light absorption. Understanding the origin of

this absorption could enable applications for hyperdoped-silicon based optoelectronic

devices. In this chapter, we measure absorption to wavelengths up to 14 µm using

Fourier transform infrared spectroscopy and study sulfur-, selenium- and tellurium-

hyperdoped Si before and after annealing. We find that absorption in the samples

extends to wavelengths as far as 6 µm. After annealing, the absorption spectrum ex-

hibits features that are consistent with free-carrier absorption. Although the surface

morphology influences the shape of the absorption curves, the data permit us to place

an upper bound on the position of the chalcogen dopant energy levels.
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5.1 Introduction

Pulsed laser processing creates novel materials with ultrahigh dopant concentration

and tunable surface textures for enhanced light absorption [130]. Many studies fo-

cus on femtosecond laser (fs-laser) doping of silicon with heavy chalcogens (sulfur,

selenium, or tellurium) because the material exhibits strong light absorption both

above and below the bandgap of silicon, indicating a change in the electronic band

structure [2, 4, 7]. The resulting material is called hyperdoped silicon because the

dopant concentrations can be as high as 1 at.%, three orders of magnitude above the

equilibrium solid solubility limit [39, 42, 43]; and at least 20% of the dopant atoms

occupy substitutional sites [8]. Thermal annealing changes the chemical state of the

dopant atoms and decreases sub-bandgap light absorption [44,65]. Although previous

studies have shown that the sub-bandgap absorption extends down to at least 0.5 eV,

a complete picture of the absorption mechanism remains unclear, as well as the influ-

ence of surface morphology and free-carrier absorption. Also, further investigation is

necessary to understand the energy states introduced by the supersaturated dopants

in silicon.

Chalcogen-doped silicon has been studied extensively for infrared detectors

[131,132]. Photodetectors fabricated from S-hyperdoped Si have sub-bandgap photon

responsivity to energies as low as 0.83 eV [48]. Furthermore, if sub-bandgap absorp-

tion in hyperdoped Si is due to the presence of an intermediate band, this material

system could have applications in high-efficiency photovoltaics [58]. Evidence of inter-

mediate band formation, such as metallic-like conduction, has been observed in other

hyperdoped Si systems [61,64]. Therefore a better understanding of the energetics of
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the chalcogen dopants is important for further development of hyperdoped Si-based

optoelectronic devices.

In this chapter, we use mid-infrared absorption spectroscopy to study the dopant

energy levels created in silicon hyperdoped with S, Se, or Te. Infrared (IR) spec-

troscopy yields information on transition probabilities between two energy states.

Dilute chalcogen concentrations in silicon introduce occupied electronic states located

between 100 and 300 meV below the conduction band edge [47, 133], and the energy

levels of these states have been identified using IR absorption measurements [134–136].

At a concentration as high as 1 at.%, we expect the dopant energy levels to broaden

into a band, and the absorption coefficient of an intermediate band formed by substi-

tutional chalcogen atoms has been calculated using density-functional theory [64,128].

For Si doped with non-equilibrium concentrations of chalcogens, broad-band sub-

bandgap absorption is commonly reported in the range of 0.5 to 1.2 eV (1.0 – 2.5

µm) [2, 4, 7, 105, 137]. In this chapter, we find that strong absorption in chalcogen-

hyperdoped silicon extends to energies smaller than 0.4 eV and in some samples to

0.2 eV (3 – 6 µm); the shapes of the absorption curves are sensitive to the surface

morphology of the samples. Additionally, upon annealing, sub-bandgap absorptance

decreases, and in the case of Se- and Te-hyperdoping, a broad resonance feature

emerges. Analysis of the absorption data results in bounds on the location of the

chalcogen dopant energy levels in hyperdoped silicon, and we find that in addition

to chalcogen dopants, free carriers also contribute to sub-bandgap absorption after

annealing.
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5.2 Experimental

Silicon wafers ((100) orientation, float zone grown, p-type, > 3000 Ω·cm) are cleaned

to remove organic and metallic contaminants [120]. The wafer is placed in a vacuum

chamber and irradiated at normal incidence with Ti:sapphire laser pulses with 80-

fs pulse duration (center wavelength at 800 nm and 1-kHz repetition rate). For S

doping, the vacuum chamber is filled with sulfur hexafluoride (SF6) gas at a pressure

of 500 Torr. For Se or Te doping the dopant precursor is a thermally evaporated 65-

nm Se or Te film directly on the silicon wafer, and the vacuum chamber is filled with

nitrogen buffer gas at a pressure of 500 Torr. The laser pulses have an average energy

of 1.1 mJ and are focused to a spot size of 500 µm (FWHM of a Gaussian beam) to

achieve a fluence of 4 kJ/m2. A galvanometric scanning mirror system scans the laser

beam across a 25 × 25 mm2 area and translates subsequent pulses by 50 µm such

that any given spot in the irradiated region is exposed to 80 laser pulses. Using the

same parameters, we fabricated a control sample (Si:N2) in the absence of chalcogen

dopants using only nitrogen buffer gas. We fabricated an additional S-hyperdoped

sample (Si:S-2) at a higher fluence (8 kJ/m2 and 50 pulses) to achieve comparable

microstructures and sub-bandgap absorptance as the Se- and Te-hyperdoped (Si:Se

and Si:Te) samples [138]. After laser irradiation, samples are treated in one of three

ways: unannealed, annealed at 730 K, or at 990 K. Annealing is performed for 30

minutes in a nitrogen environment.

We study the optical and electronic properties of these samples. We collect

integrated transmission (T ) and reflection (R) spectra and calculate absorptance

(A = 1− R − T ). A UV-VIS-NIR spectrophotometer is used for visible and near-IR
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measurements (0.5 – 1.5 eV), and a Fourier transformed-infrared (FTIR) spectrome-

ter is used for collecting mid-IR data (0.09 – 0.62 eV). Both the spectrophotometer

and the FTIR spectrometer are equipped with integrating spheres in order to collect

transmitted and reflected light at all angles. To study the electronic properties, we

deposit 2-mm square Ti-Ni-Ag (20–20–200 nm, Ti adjacent to Si) contacts at four

corners of the samples and perform resistivity and Hall measurements using the van

der Pauw technique [121].

5.3 Results and discussion

5.3.1 Upper bound on dopant energy levels

The near-IR and mid-IR absorptance of fs-laser hyperdoped samples before thermal

treatment is shown in Figure 5.1; reflectance and transmittance data are shown in

Figure 5.2. For photons with energies greater than the bandgap of silicon, 1.1 eV, all

samples exhibit enhanced photon absorption compared to the crystalline silicon sub-

strate. Between 0.5 and 1.1 eV, all chalcogen-hyperdoped samples exhibit strong but

featureless absorption. Below 0.5 eV, extended absorptance for chalcogen-hyperdoped

Si decreases in the mid-infrared range, with the onset of a drop in absorptance varying

with fabrication parameters.

As a comparison, at energies below the bandgap, the absorptance of a silicon

substrate is approximately zero except at energies near the phonon vibrational modes

(< 0.18 eV). A sample irradiated with the absence of chalcogen dopant precursors,

Si:N2, exhibit sub-bandgap absorption only due to structural defects (Urbach states)
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Figure 5.1: Absorptance of chalcogen-hyperdoped silicon. Data for a control
sample (Si:N2) and the silicon substrate (c-Si) are also plotted for comparison.
Data from 0.09 to 0.62 eV was collected using an FTIR spectrometer and data
from 0.5 to 1.5 eV was collected using a UV-VIS-NIR spectrophotometer. The
mismatch between the data from two instruments at 0.5 eV is about 3%.
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Figure 5.2: Reflectance (left) and transmittance (right) of chalcogen-
hyperdoped silicon. Data for a control sample (Si:N2) and the silicon sub-
strate (c-Si) are also plotted for comparison.

78



Chapter 5: Mid-infrared absorptance

[44, 139, 140]. A recent study shows that absorption related to structural defects is

reduced by annealing at a moderate temperature (T ≥ 575 K), while chemical states

or absorption related to the chalcogen dopants are minimally affected [44,65].

Si:S-1 Si:Se

Si:Te Si:N
2

Si:S-2

5 µm

Figure 5.3: Scanning electron micrographs of fs-laser hyperdoped silicon.
The images are taken at a 45◦ angle to the surface. Si:S-1, Si:Se, Si:Te and
Si:N2 are irradiated with the same fs-laser parameter: 4 kJ/m2, 80 pulses.
Si:S-2 is irradiated with 8 kJ/m2, 50 pulses. After annealing, we examined
all samples under SEM and observed no change in surface morphology in any
of the samples.

Figure 5.3 shows scanning electron microscope (SEM) images of chalcogen-

hyperdoped Si after fs-laser irradiation. The formation and structural characteristics

of these samples have been discussed in detail in Ref. [138], and in this chapter we

provide a brief summary of the difference in surface morphologies among the samples

used in this study. First, Si:Se and Si:Te have similar surface morphologies. Under

the same fabrication conditions, Si:S-1 has surface features that are smaller than Si:Se

and Si:Te. At a higher laser fluence, Si:S-2 achieves similar feature size and compa-
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Table 5.1: Average surface feature spacing w and height h.

Sample w (µm) h (µm)
Si:S-1 2.3 ± 0.2 3.1 ± 0.5
Si:S-2 3.0 ± 0.3 5.4 ± 0.6
Si:Se 3.8 ± 0.5 4.6 ± 0.6
Si:Te 3.8 ± 0.5 4.5 ± 0.9
Si:N2 0.9 ± 0.1 1.5 ± 0.5

rable absorptance as Si:Se and Si:Te samples. By analyzing the SEM images, we

obtain the average height (h) and spacing (w) of the surface features of these samples

(Table 5.1).

Sub-bandgap absorption of chalcogen dopants arises from optical excitation of

an electron from a dopant energy level to the conduction band. Thus, a low-energy

cutoff of the sub-bandgap absorption could represent the smallest energy required to

optically excite an electron from a dopant energy level to the conduction band edge.

In the following paragraph, however, we discuss the influence of surface morphology

on the shape of the absorption curves of hyperdoped silicon. As a result, Figure 5.1

does not directly provide the location of the dopant energy level, although it does

permit an estimation of the maximum energy difference between the level and the

conduction band.

Surface morphology can increase the absorption of incident light by reducing

reflection and/or increasing the optical path length inside the absorber. Figure 5.4

illustrates how the morphology contributes differently to anti-reflection and light trap-

ping for different wavelengths of light. For wavelengths smaller than about twice the

separation between conical spikes (λ < 2w), reflectance is reduced because incident

light reflects multiple times in between the spikes, reducing the total amount of light
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Figure 5.4: Illustration of light propagation though micrometer-scale struc-
tures with spacing w and height h. Three wavelength ranges represents
different light and matter interactions: optically smooth (left), graded den-
sity (middle) and multiple reflections (right). The representative wavelengths
are shown for the incoming light (gray); for each wavelength, three arrows
indicate incoming, reflected and transmitted light.

reflected. The morphology also results in light trapping, because light enters the ma-

terial at a non-normal angle, the total internal reflection angle of silicon in air is small,

and the propagation path length is extended (Section 1.3.2). For longer wavelengths

(λ > 2w), the length scale of the surface features is smaller than the wavelength of

light and the silicon and air form an effective medium. In this regime graded density

is the main cause of low reflectance [141]. A graded density material does not change

the direction of light propagation, so there is no light trapping. Graded density is

only effective when the wavelength is smaller than 2.5 times the height of the surface

roughness [142], and at even longer wavelengths (λ > 2.5h), the surface appears op-

tically smooth. Figur 5.5a illustrates how these surface features influence reflectance

(due to anti-reflection) and transmittance (due to light trapping). Si:Se and Si:Te

exhibit very similar surface morphologies: w = 3.8 µm and h = 4.6 µm (Table 5.1).

Figure 5.5b shows that the reflectance and transmittance curves of these two samples
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transition from high to low near wavelengths equal to 2.5h and 2w, respectively. Al-

though the transitions are not sharp, the transition wavelengths qualitatively agree

with the analysis above. Similarly for Si:S-1 and Si:S-2, the transmittance and re-

flectance transition wavelengths qualitatively agree with the above analysis. Because

the surface features are aperiodic, numerical simulation is challenging and we cur-

rently do not consider the quantitative details regarding changes in the optical path

length and reflectivity as a function of wavelength, but this analysis shows that the

infrared behavior is at least in part determined by the morphology of the surface.
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Figure 5.5: (a) Illustration of light propagation though micrometer-scale
structures and the corresponding reflectance and transmittance as a func-
tion of photon energy (proportional to inverse wavelength). (b) Reflectance
and transmittance spectra of Si:Se (brown) and Si:Te (green) between 0.09
and 0.2 eV. The vertical dash lines at 0.11 eV (11.3 µm) and 0.16 eV (7.6
µm) correspond to transition wavelengths at 2.5h and 2w, respectively.

The characteristics of sub-bandgap absorption depend on laser irradiation pa-

rameters, and it is illustrative to compare the absorptance curves of the two S-

hyperdoped Si samples fabricated under different conditions. Si:S-2 (irradiated with

higher laser fluence) has larger surface features (Figure 5.3) and the absorptance
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is higher overall than Si:S-1 (Figure 5.1). Furthermore, for Si:S-1 the broad-band

absorption extends to 0.42 eV and for Si:S-2 to 0.25 eV. Similar findings have been re-

ported for different laser irradiation parameters in another S-hyperdoping study [14].

Previously we showed that the sulfur concentration in these two samples are com-

parable [2], and hence the dopant-related absorption coefficients should be similar.

Following our analysis of Figure 5.5, the difference in the surface morphology between

Si:S-1 and Si:S-2 leads to differences in anti-reflection and light trapping, as evidenced

by the variation in infrared behavior.

Thus, it is clear that the location of the absorption edge is influenced by surface

roughness, and the absorption turn-offs in the mid-IR range shown in Figure 5.1

cannot be directly correlated to the energetics of the dopant atoms. However, because

surface roughness can only serve to increase existing absorption mechanisms, the

location of the turn-offs does place an upper bound on the energy gap between dopant

energy levels and the conduction band edge, which is around 0.25, 0.20 and 0.21 eV

for Si:S, Si:Se and Si:Te, respectively.

5.3.2 Broad resonance features after annealing

Figure 5.6 shows mid-IR absorption spectra of each chalcogen-hyperdoped silicon

sample before and after annealing. The above-bandgap absorptance (not shown), is

unaffected by annealing [7] while sub-bandgap absorptance decreases with increasing

annealing temperature. The reduction of sub-bandgap absorption agrees with earlier

results we obtained, showing that the sub-bandgap absorption decreases smoothly

with the diffusion length of dopant atoms [44]. For Si:Se, a resonance feature at 0.21
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eV emerges after annealing at both 730 and 990 K, and for Si:Te a resonance signal

emerges at 0.26 eV after annealing at 990 K. We also observe a broad maximum

for Si:S-2 after annealing at 730 K, but after annealing at 990 K the sub-bandgap

absorptance deactivates completely.

S-hyperdoped Si samples exhibit a broad oxide absorption band at 0.13 – 0.15 eV

(gray line in Figure 5.6: Si:S-2), which can be removed with a dilute hydrofluoric acid

(5% HF) etch. In addition, we identify features associated with phonon vibrations

and other contaminants labeled in Figure 5.6. We do not observe — either before or

after annealing — any absorption lines from dilute chalcogen dopants (ranging from

0.1 to 0.3 eV) [47,133] nor any absorption features related to sulfur compounds [146].

Due to the low signal below 0.09 eV, our measurement is not sensitive to absorption

bands of possible precipitated compounds such as SiS2, SiSe, SiSe2 or Si2Te3 [147–149].

Additional absorptance measurements at low temperature and at far-IR wavelengths

could be useful for probing vibrational and electronic transitions with energies below

0.09 eV [150–152].

After annealing, broad resonance signals emerge for chalcogen-hyperdoped sili-

con, and for the purpose of this discussion we focus on the Si:Se and Si:Te samples

annealed at 990 K. The width of these resonances suggests that these local maxima

are due to a combination of energy-dependent processes instead of a resonance transi-

tion between two energy states. For example, a broad maximum near the absorption

edge could emerge by combining these two effects: free-carrier absorption and light

trapping. Free-carrier absorption increases with reducing photon energy, but reduced

light trapping for energies below 0.16 eV (λ < 2w) decreases the overall absorption
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Figure 5.6: Mid-infrared absorptance of Si:S-2, Si:Se, and Si:Te before (black)
and after annealing at 730 K (blue) and 990 K (red). Except for the gray
line, all Si:S-2 data are taken after a 5% HF etch for 1 min and the surface
oxide absorption band from 0.13 to 0.15 eV is removed. Labels correspond
to absorption features phonon vibrations and other contaminants: hydroxide
(OH; centered at 0.42 eV) [143], hydrocarbon (CH; three peaks near 0.36
eV) [143], silicon phonons (below 0.13 eV and between 0.16 – 0.18 eV) [144],
and CO2 molecules in the spectrometer (0.29 eV) [145]. The curves are fits
of the free carrier absorption model between 0.3 and 0.5 eV using Eq. 5.2:
A(ε) = [1−R(ε)](1− ye−x/ε2) .
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and thus results in a local maximum.

We fit the absorption curves at energies higher than the resonances as a com-

bination of absorption due to free carriers and dopant atoms. The free-carrier ab-

sorption coefficient, αFCA, is proportional to the carrier concentration, n, as well as

the square of the wavelength, λ, (αFCA ≈ 2 × 10−18λ2 n , λ in units of µm and n in

units of cm3) [52]. Figure 5.6 shows fits to the data between 0.3 and 0.6 eV with an

absorptance estimated from Beer’s law:

A = (1−R)(1− e−(αFCA+αdopant)dm). (5.1)

A and R are the measured absorptance and reflectance, respectively; d is the thickness

of the hyperdoped layer which is enhanced by a factor of m due to light trapping;

and αdopant represents dopant-related light absorption that persists after annealing.

In the range between 0.3–0.6 eV, we assume αdopant is energy independent [64] and so

is m from the light-matter interaction discussion above. We can then rewrite Eq. 5.1

as
A(ε)

1−R(ε)
= 1− ye−(x/ε2), (5.2)

where ε is the photon energy, y and x are fitting parameters (x = 3× 10−18nsheetm,

[eV2]). The numerical fit yields x = 0.04; y = 0.49 for Si:Se, and x = 0.04; y = 0.24

for Si:Te.

The good fits between the data and model described above support our hypoth-

esis that free carriers contribute to the shape of the absorption curves. We compare

this fitting result with electronic measurements. Table 5.2 summarizes the electronic

measurements of Si:Se and Si:Te after annealing at 990 K, and the measured majority

carriers are electrons. Both Si:Se and Si:Te have similar sheet carrier concentrations
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Table 5.2: Hall-effect and resistivity measurements of Se- and Te-hyperdoped
Si after annealing.

Annealing Sheet Sheet carrier
Sample temperature resistance concentration Mobility

(K) (kΩ) (1012 cm−2) (cm2V−1 s−1)
Substrate − 146 0.11 380

Si:Se 990 2.2 −6.2 466
Si:Te 990 1.5 −6.0 692

suggesting the free-carrier absorption is similar for both samples, and we indeed ob-

tain identical fit values of x for the two samples.

While the absorption and the electronic measurements qualitatively agree, the

value for x calculated using nsheet in Table 5.2 is much smaller than the fitted value.

Even with maximum light trapping (m = 49) [153], the measured carrier concen-

tration is still two orders of magnitude too small to explain the absorption with free

carriers only. This discrepancy could arise because the measured sheet carrier concen-

tration is an average value of a non-uniform dopant distribution, and the situation is

further complicated by the rough surface and non-uniform thickness of the hyperdoped

layer [138]. It is also possible, instead of free-carrier absorption, other wavelength-

dependent mechanism is contributing to the spectral dependence of absorption in the

range of 0.3 to 0.5 eV [154, 155]. Here we emphasize the local maximum observed in

the annealed samples is due to a combination of energy-dependent processes.

In summary, in addition to broad-band absorption due to dopant atoms, the low

energy optical absorption displays the spectral dependence of free-carrier absorption

(increasing with λ2) for Si:Se and Si:Te annealed at high temperature. The carrier

concentration obtained from the electronic measurements, however, is too small to
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account for all the free-carrier absorption observed. We believe this discrepancy is

due to the complications introduced by the rough surface, but we also cannot exclude

other possible wavelength-dependent absorption mechanism [154, 155]. The combi-

nation of different wavelength-dependent processes, such as free-carrier absorption,

which increases with wavelength, and light trapping, which decreases with wavelength,

explains the observed broad resonance.

5.4 Conclusion

We report mid-IR absorptance measurements of chalcogen-hyperdoped silicon, iden-

tify the influence of surface morphology on the absorptance curves, and place bounds

on the location of the dopant energy levels. The surface morphology resulting from

laser irradiation enhances anti-reflection and light trapping, and the low-energy cut-

off of the mid-IR absorption is sensitive to the surface morphology. Our data place

an upper bound on the energy difference between the dopant energy level and the

conduction band of about 0.2 eV. After annealing, the sub-bandgap absorptance de-

creases and broad resonance features emerge that do not correspond to known defect

absorption lines. We attribute the broad resonance features observed in Si:Se and

Si:Te to competing wavelength-dependent processes, including free-carrier absorption

and wavelength- dependent light trapping. Finally, we emphasize the importance of

taking into account the effect of surface roughness when analyzing and comparing

optical and electronic measurements.
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Reactivation of sub-bandgap

absorption

Silicon doped with non-equilibrium concentrations of chalcogens using a femtosecond

laser exhibits near-unity absorption of sub-bandgap photons to wavelengths of at least

2500 nm. Previous studies have shown that sub-bandgap absorptance decreases with

thermal annealing up to 1175 K, and that the absorption deactivation correlates with

chalcogen diffusivity. In this chapter, we show that sub-bandgap absorptance can be

reactivated by annealing at temperatures between 1350 K and 1550 K for 30 minutes

followed by fast cooling (> 50 K/s). Our results suggest that the defects responsible

for sub-bandgap absorptance are in equilibrium at high-temperatures in hyperdoped

Si:chalcogen systems.
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6.1 Introduction

Hyperdoping silicon with heavy chalcogens (sulfur, selenium, or tellurium) to orders

of magnitude above room-temperature solubility results in strong sub-bandgap ab-

sorptance to at least 2500 nm [2,7]. Hyperdoped silicon has a potential use in infrared

detectors [48], light emitting diodes [156], and a wide range of other semiconductor de-

vices [157]. However, the exact mechanism for the enhanced broadband absorptance

is not yet well understood.

Previous research demonstrated that thermal annealing of hyperdoped silicon

decreases absorption of photons with energy less than the bandgap [2, 44] (Sec-

tion 5.3.2). The sub-bandgap absorptance decreases with increased annealing time

and temperature up to 1175 K. After annealing, the sub-bandgap absorptance is

a function of dopant diffusion lengths, regardless of the dopant species (S, Se, or

Te) [44]. It was suggested that precipitation of supersaturated dopant species at het-

erogeneous nucleation sites, such as grain boundaries, may cause the deactivation of

the sub-bandgap absorptance [44].

In this chapter, we probe the thermodynamics of sub-bandgap absorptance at

higher temperatures and observe a behavior not predicted by the previously proposed

diffusion/precipitation model. Thermal annealing at temperatures above 1350 K fol-

lowed by rapid cooling maintains sub-bandgap absorptance in hyperdoped silicon for

both sulfur and selenium dopants. We also show that the fraction of sub-bandgap

photons absorbed depends on the cooling rate, suggesting a kinetically limited pro-

cess. Furthermore, sub-bandgap absorptance is reactivated in samples where it has

previously been deactivated by annealing. In addition to offering insight into the na-
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ture of the sub-bandgap absorptance in hyperdoped silicon, these results demonstrate

that the sub-bandgap absorptance can be thermally engineered and controlled to op-

timize device characteristics and performance, increasing the practical applications of

chalcogen hyperdoped silicon.

6.2 Experimental

To explore the high-concentration, high-temperature regime of the Si:chalcogen sys-

tem, we hyperdoped a set of c-Si samples with sulfur and selenium using amplified

fs-laser pulses (average energy of 1.7 mJ). We used boron-doped silicon (100) wafers

(ρ > 100 Ω·cm). For sulfur hyperdoping, the wafer is placed on a translation stage

in a chamber filled with sulfur hexafluoride (SF6) gas to 500 Torr. For selenium

hyperdoping, we thermally evaporate a thin 65-nm selenium film (99.95% purity)

onto the wafer before loading the sample into the chamber filled with nitrogen to 500

Torr. We irradiate a 20 × 40 mm2 area of the wafers with 80-fs, 800-nm Ti:sapphire

laser pulses. The fluence and shots per area for S hyperdoping is 8 kJ/m2 and 50

S/A, respectively, and for Se hyperdoping, the fluence is 4 kJ/m2 and the shots per

area is 88. After laser irradiation, the surface layer of the silicon wafer is heavily

doped with sulfur or selenium with concentrations between 1020 to 1021 cm−3 [7].

The surface is transformed into a rough landscape of micrometer-scaled spikes. The

formation and structural characteristics of these spikes are discussed elsewhere [1]. As

a control sample, we laser irradiated silicon without dopant precursor in a nitrogen

environment.

After fs-laser hyperdoping, samples were cut into 5 × 5 mm2 squares for an-
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nealing in a vertical tube furnace at a temperature between 1070 and 1600 K. We

annealed each sample separately on a clean quartz sample holder and measured the

temperature with an R-type thermocouple located at the same height. After 30 min-

utes, the sample was cooled in one of three ways: dropped into silicone oil for fast

quenching (250 K/s); removed from the furnace and air quenched on the quartz sam-

ple holder (50 K/s); or cooled in a controlled manner inside the furnace at 0.25 K/s

to room temperature. To test reversibility of the thermal treatments, we annealed

two Si:S samples at 1070 K for 30 minutes, and then performed a second thermal

treatment. The second thermal treatment consisted of either a higher temperature

furnace anneal at 1510 K or a second fs-laser irradiation with the same parameters

as the first, except in a dopant-free environment.

After annealing, the spectrally dependent transmission (T ) and reflection (R)

was measured using a UV-VIS-NIR spectrophotometer with an integrating sphere.

Absorptance is calculated as A = 1−R− T . A sample that is not annealed exhibits

near unity absorptance from 400 to 2500 nm for both Si:S and Si:Se. For characteriza-

tion, we average sub-bandgap absorptance from 1250 to 2500 nm. We estimate light

scattering out of the integrating sphere to cause an overestimation of the absorptance

by at most 0.07.

6.3 Results

Figure 6.1 shows the average sub-bandgap absorptance of samples annealed between

1070 and 1600 K. For both Si:S and Si:Se, we observe enhancement of the sub-

bandgap absorptance for samples annealed above 1350 K and then rapidly quenched.
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Samples annealed at higher temperatures exhibit stronger absorptance. However, as

the temperature approaches 1550 K, the absorptance decreases. Scanning electron

microscopy of the surface of these Si:Se samples suggests that local surface melting

occurs during annealing. Redistribution of dopant atoms on the surface or dopant

evaporation could explain the sudden drop in sub-bandgap absorptance.
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Figure 6.1: Average sub-bandgap absorptance for Si:S (circles) and Si:Se
(squares) hyperdoped silicon after high-temperature anneals followed by oil
quenching (250 K/s) for Si:S samples or air quenching (50 K/s) for Si:Se
samples. Data points at 295 K are samples before annealing. Measureable
increases in sub-bandgap absorptance occur at temperatures above 1350 K.
Standard deviations of all data points are less than 0.05. Data points with
unfilled symbols are from Refs [44] (Si:S) and [65] (Si:Se).

We verified that enhanced sub-bandgap absorptance depends on the presence

of the dopant atoms by performing a high-temperature anneal at 1490 K followed

by quenching of two control samples: (1) a bare c-Si wafer that was not hyperdoped

and (2) a sample irradiated with fs-laser in a nitrogen environment, containing no

dopant but exhibiting micrometer-scaled surface features. The bare c-Si wafer exhibits

average sub-bandgap absorptance of 0.02 ± 0.01 after annealing and quench. Sub-
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bandgap absorptance of the nitrogen sample after annealing is measured at 0.10 ±

0.02. Much of this measured sub-bandgap absorptance is likely due to light scattering

effects, as noted above.

The amount of sub-bandgap absorptance depends on the cooling rate from high

temperature. Figure 6.2 shows the results of cooling at different rates. The sample

quenched at 250 K/s exhibits the largest average sub-bandgap absorptance (0.33 ±

0.01), followed by the sample quenched at 50 K/s (0.24 ± 0.02), and finally the sample

that underwent controlled cooling at 0.25 K/s (0.14 ± 0.02).
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Figure 6.2: Absorptance as a function of cooling rate for Si:S samples. Sam-
ples were annealed at 1490 K for 30 minutes. The cooling rates are derived
from a one-dimensional convection model for cooling from 1520 K to 1100 K
in different media. Absorptance data of a untreated, crystalline silicon wafer
and a Si:S sample prior to annealing are included for comparison.

Sub-bandgap absorptance is reactivated in samples where it was previously de-

activated by annealing. We performed two-step anneals summarized schematically in

Figure 6.3. A Si:S sample was annealed at 1070 K for 30 minutes and quenched in

air, resulting in an average sub-bandgap absorptance of 0.12 ± 0.01. The same sam-
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ple was then re-annealed at 1510 K for an additional thirty minutes followed by oil

quench. We find that the average sub-bandgap absorptance increases to 0.24 ± 0.01.

A Si:S control sample, annealed only once at 1510 K has an average sub-bandgap

absorptance of 0.38 ± 0.02.
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Figure 6.3: Schematic of the two-step annealing process that first deactivates
the sub-bandgap absorptance by annealing at 1070 K and then reactivates it
via one of two methods: high temperature (1510 K) annealing and quenching
or laser irradiation. Control samples are also shown for comparison.

Figure 6.3 shows the sub-bandgap absorptance is also reactivated by a second

fs-laser treatment. Sub-bandgap absorptance of a Si:S sample was first deactivated by

annealing at 1070 K for 30 minutes and was reactivated to 0.59 ± 0.04 after a second

laser irradiation in a nitrogen environment. We compare this to a control sample that

was laser-irradiated twice, first for hyperdoping, and the second time with no dopant

present and no anneal in between (average sub-bandgap absorptance = 0.60 ± 0.02).

This corresponds to an almost complete restoration of the sub-bandgap absorptance.

The slight decrease in absorptance for both samples after the second laser-irradiation
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is likely due to loss of dopant atoms through laser ablation.

6.4 Discussion

The results presented in this chapter show that sub-bandgap absorptance is reacti-

vated through high-temperature annealing. The amount of sub-bandgap absorptance

depends on the rate of post-anneal cooling, suggesting a kinetically limited deactiva-

tion process.

In the intermediate temperature regime, from 1070 K to 1350 K, annealing fol-

lowed by quenching results in deactivation of sub-bandgap absorptance in agreement

with previous results of annealing followed by slow cooling (Figure 6.1). If we corre-

late the sub-bandgap absorptance to the concentration of an optically active defect

state, we note the similarities of the results in Figure 6.1 to a time-temperature-

transformation diagram describing the precipitation of supersaturated point defects

at heterogeneous nucleation sites, as previously reported for Si:Fe [158]. At lower

temperatures, the precipitation of supersaturated point defects is energetically favor-

able but kinetically limited by diffusion. At higher temperatures, the equilibrium

solubility of point defects increases with temperature.

The enhanced broadband absorptance of chalcogen-doped silicon is only ob-

served in samples with supersaturated chalcogen concentrations, and the origin of

the sub-bandgap absorption is not yet well understood. Chalcogen defect centers

have been studied extensively in diffusion experiments; isolated substitutional impu-

rities and dimer pairs are the most common point defects, and other more complex

defect centers have been identified [47, 159]. These known defect centers introduce
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deep states that allow sub-bandgap photon absorption, however, in samples with

chalcogen dopant concentrations up to 7×1016 cm−3, no significant broad-band, sub-

bandgap absorptance has been reported [131, 134]. In fs-laser chalcogen-hyperdoped

silicon studied in this chapter, the initial dopant concentration [7] is at least 1000

times larger than the high-temperature equilibrium solubility achieved via solid-state

thermal diffusion from a chalcogen-rich surface source: 3×1016 cm−3 for S and 2×1017

cm−3 for Se [39,42,159]. Our results suggest that a point defect state associated with

higher concentrations of chalcogen dopant atoms and with unique optical characteris-

tics is stable at temperatures higher than 1350 K in these samples. Further structural

studies to identify this chemical state are underway.

6.5 Conclusion

High-temperature annealing followed by quenching of silicon hyperdoped with sulfur

or selenium results in the reactivation of sub-bandgap optical absorptance that is not

explained by previous models. Sub-bandgap absorptance is maintained in hyperdoped

samples annealed above 1350 K and cooled at rates faster than 50 K/s. A high

concentration of point defects stable at high temperatures may be responsible for

absorption of sub-bandgap photons. Our results demonstrate an ability to control sub-

bandgap absorptance in Si:chalcogen hyperdoped systems using thermal processing.
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Summary and future directions

We investigate a diverse range of scientific concepts in this thesis. Intermediate-band

materials have potential for novel optoelectronic applications such as highly-efficient

solar cells. Femtosecond laser hyperdoping and texturing is promising for fabricating

an intermediate-band material with enhanced light absorption. In this thesis, we

use chalcogen-hyperdoped silicon as a model system to study (1) the fs-laser doping

techniques and (2) the intermediate band properties. To conclude, we summarize the

findings in this thesis and provide future research directions.

7.1 Summaries

In Chapter 3, we study the fundamental hyperdoping mechanism and offer insight

toward designing the dopant concentration profiles of intermediate-band silicon. After

fs-laser hyperdoping, we probe the dopant concentration profiles using secondary ion

mass spectrometry (SIMS). By varying the pressure of the dopant precursor (SF6), we
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identify that the surface adsorbed molecules are the dominant source of the dopant

atoms. Furthermore, we show the material microstructure is improved and the sample

hyperdoped at a fluence of 2.5 kJ/m2 is single crystalline. We control the dopant

incorporation depth, concentration, and crystallinity by varying the number of laser

pulses, pressure of the dopant precursor, and laser fluence, respectively.

In Chapters 4 and 5, we investigate the intermediate band energetics using

electronic transport and optical measurements. We find that light absorption of

chalcogen-hyperdoped Si extends to wavelengths as far as 6 µm. Results from the

optical measurements are influenced by the morphology of the surface; however, the

data permit us to obtain an upper bound of the intermediate band at 0.2 eV below

the conduction band edge. After furnace annealing, the hyperdoped layer and the

substrate form a p-n junction and the hyperdoped layer is electrically isolated from

the substrate. The temperature-dependent Hall and resistivity measurements of the

annealed samples show the dopant concentration is sufficient to form an intermediate

band at a concentration just below the insulator-to-metal transition. We use a two-

band model to analyze the transport data and the model indicates the localized

intermediate band is at 70 ± 10 meV below the conduction band edge.

After fs-laser hyperdoping, thermal annealing is necessary to improve the ma-

terial quality for studying the material’s electronic properties. The sub-bandgap

absorption, however, decreases with thermal annealing. In Chapter 6, we explore an-

nealing at high temperatures and show that the sub-bandgap absorption is reactivated

by annealing at temperatures between 1350 K and 1550 K followed by fast cooling (>

50 K/s). Results shown in Chapter 6 offer solutions to reactivate sub-bandgap light
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absorption after it had been deactivated by thermal annealing.

7.2 Future directions

For future studies on fs-laser hyperdoping, there are a number of opportunities. In

Chapter 3, we investigate fs-laser hyperdoping with a gas-phase dopant precursor. It is

important to point out that the dopant precursor is not limited to gas molecules. For

example for Se- and Te-hyperdoped silicon discussed in Chapters 5 and 6, the dopant

precursor is a thermally evaporated solid film of the dopant precursor on silicon. In a

collaboration work, we have studied hyperdoping with solid-phase dopant precursor

extensively [103,138]. Other novel methods such as liquid phase or electrospray could

be used to achieve efficient dopant delivery.

In Chapter 3, we suggest that a laser beam with a flat-top intensity profile will

simplify the fabrication process and help maintain the crystallinity of the hyperdoped

silicon over a large area. Moreover, in addition to spatially engineering the laser beam,

we can also change the laser pulse in the time domain. With temporal pulse shaping,

a fundamentally new energy deposition profile is achieved by changing the power of

the laser pulse as a function of time [160]. An example of pulse shaping is to convert

a single pulse into multiple sub-pluses with the first pulse above the melting threshold

to melt the material followed by lower fluence sub-pulses to change the resolidification

dynamics. By varying the energy deposition as a function of time, we can alter the

melt depth, duration, and resolidification dynamics. This offers another parameter

space for engineering the desired dopant distribution profile and material crystallinity.

We are interested in the intermediate band property that contributes to the sub-
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bandgap light absorption. Currently we cannot obtain reliable electronic transport

data without furnace annealing. Thus it is promising to perform pulse engineering

either in the time or spatial domain to hyperdope a large area free of laser-induced

defects and amorphous silicon. Furthermore, in Chapter 6, we demonstrate reacti-

vating sub-bandgap absorption after low temperature (< 1075 K) thermal anneal-

ing. Performing electronic measurements on samples with reactivated sub-bandgap

absorption is also promising. Annealing the entire sample at 1510 K for 30 min fol-

lowed by a rapid quench, however, introduce unwanted thermal stress and substantial

dopant diffusion. Thus, future work on reactivation should concentrate on local heat-

ing methods such as laser annealing or rapid thermal processing with lamp-based

heating.

For future studies on the properties of intermediate-band materials, many ques-

tions still remain. Intermediate-band photovoltaic is first proposed more than 15 years

ago [58], and so far no device has demonstrated improved efficiencies [60, 161, 162].

Understanding the optical and electronic properties of intermediate-band materials

is crucial for designing an intermediate-band device. For example, how wide is the

intermediate band? Is it possible to fabricate a delocalized band that is isolated from

the conduction or the valence band edge? Moreover, what is the dynamics of the

photo-generated carriers? Knowledge of the mobility and the life time of carriers in

an intermediate band is important for designing the device geometry. Many more

material characterization techniques should be developed and employed to study the

nature of an intermediate band.

The outlook for femtosecond-laser hyperdoping and intermediate-band materi-
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als is bright. Our work fit in the emerging fields of defect engineering and band-gap

engineering. In this thesis, we study the fs-laser hyperdoping technique and interme-

diate band properties of chalcogen-hyperdoped silicon. Chalcogen-hyperdoped silicon

is a good model system for us to begin to understand properties of an intermediate

band. Many of the analysis techniques we develop can also be applied to other mate-

rial systems. We believe that, in the near future, we will be able to tune and design

the optical and electronic response of material through hyperdoping.
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Appendix A

The Hall effect

We first present a brief introduction of the Hall effect. Then we discuss the case where

there are two types of carriers in a semiconductor (electrons and holes, or carriers in

the conduction band and carriers in the intermediate band). In this appendix, we

derive Eq. 4.6 and 4.7 in Chapter 4.

A.1 Introduction

Figure A.1 shows the schematic of Hall effect measurements. We obtain the charier

concentration n from the measured Hall voltage VH , the applied current I, and the

applied magnetic field B. That is:

n d = rH
IB

qVH
, (A.1)

where d is the thickness of the semiconductor, and q is the elementary charge. We

present the derivation below. We write the equation of motion of a moving charge q
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Figure A.1: Schematic of the Hall effect measurement. The semiconductor
has width w and thickness d. We apply a magnetic field B in the +z direction,
a current I in the +x direction and measure the Hall voltage VH in the y-
direction. Figure adapted from Ref. [122].

with velocity ~ν in the presents of an electric field ~E and a magnetic field ~B:

m
d~ν

dt
= q ~E + q~ν × ~B. (A.2)

Using the directions defined in Figure A.1 ( ~B = Bẑ), we rewrite Eq. A.2 in the x-

and y-components:

m
dνx
dt

= qEx + qνyB, (A.3)

m
dνy
dt

= qEy − qνxB. (A.4)

In equilibrium, the electric force in the y-direction due to the Hall voltage can-

cels out the magnetic force, so no current flows in the y-direction and νy = 0. Eq. A.3

then describes charge carrier movement in the presence of only a electric field. It is

necessary to include scattering in charge transport, so we consider an average scat-

tering time, τ , of the charge carriers that leads to an average velocity, ν̄x. Replacing

dνx/dt in Eq. A.3 with ν̄x/τ , the drift velocity is

ν̄x =
qτ

m
Ex = µEx. (A.5)
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The factor qτ/m is also called the drift mobility µ.

Since in equilibrium νy = 0, then dνy/dt is also zero. Eq. A.4 then becomes

0 = qEy − qνxB. Replacing νx using the expression in Eq. A.5, we have

Ey = BµEx. (A.6)

The Hall coefficeint RH is defined as RH = Ey/(JxB). The current density is

~J = σ ~E = qnµ~E, where σ is the conductivity of the material and µ is the mobility

of the charge carriers. Apply Eq. A.6 to the Hall coefficient, we have:

RH =
Ey
JxB

=
BµEx
qnµExB

=
1

qn
. (A.7)

Moreover, from the geometry shown in Figure A.1, Ey = VH/w and Jx = I/(wd), so

RH is also

RH =
Ey
JxB

=
VH/w
I
wd
B

=
VHd

IB
. (A.8)

Finally, equating Eq. A.7 and A.8, we show that the carrier concentration is indeed

Eq. A.1

n d =
IB

qVH
.

This simple derivation does not include the Hall scattering factor rH which takes into

account that the scattering time τ is a statistical average of scattering time due to

many different scattering mechanisms [125].
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A.2 Two types of carriers

We consider a more complicate scenario where there are two types of carriers. The

goal of this section is to show the origin of Eq. 4.6 in Chapter 4:

1

nH
=

(
σc
σH

)2
1

nc
+

(
σi
σH

)2
1

ni
, (A.9)

where we use subscripts c, i, and H to denote properties of the CB, IB, and the

transport measurements (Hall and resistivity), respectively. This derivation is the

same as considering these two types of charge carriers: electrons and holes (detailed

in Ch. 5 of Ref. [124]). In this section, we derive equations for a general case and

label the two types of carriers 1 and 2.

If there are two types of carriers, we cannot set νy = 0, because in equilibrium

it is Jy that is zero. We now need to take into account of the two types of carriers

contributing to the total current, Jy = q1n1ν1y +q2n2ν2y. q1 and q2 are the elementary

charge and are e or −e depending on the carrier type. First, we consider the Lorentz

force for carrier 1:

m1
dν1x

dt
= q1Ex + q1ν1yB, (A.10)

m1
dν1y

dt
= q1Ey − q1ν1xB. (A.11)

In the second term of Eq. A.10, the drift velocity, ν1y, is on the order of the mobility

times the electric field µ1Ey and in the one carrier regime we see Ey = BµEx. Thus,

q1ν1yB is on the order of q1B
2µ2

1Ex. In the case where Bµ is small, we drop this

term.1 Solution for Eq. A.10 then the same as Eq. A.5 in Section A.1

ν̄1x = µ1Ex (A.12)
1µ is on the order of 100 cm2/(V·s) = 10−2 m2/(V·s) and B is on the order of 1 T, so Bµ ≈ 10−2

.
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To solve Eq. A.11, we consider an average velocity ν̄1y and the average scattering

time τ1 of the charge carriers. Replacing dν1y/dt with ν̄1y/τ1 and solve for ν1y:

ν̄1y =
q1τ1

m1

Ey −
q1τ1

m1

ν̄1xB

= µ1Ey − µ2
1BEx. (A.13)

Similarly, for carrier 2, the solution for ν2y is:

ν̄2y = µ2Ey − µ2
2BEx. (A.14)

Now we can considering equilibrium condition, which is Jy = 0.

Jy = q1n1ν̄1y + q2n2ν̄2y

= q1n1µ1Ey − q1n1µ
2
1BEx + q2n2µ2Ey − q2n2µ

2
2BEx (A.15)

Solving for Ey/Ex, and assuming q1 and q2 are the same type of charge carriers (both

electrons or both holes) so they have the same sign:2

Ey
Ex

=
n1µ

2
1 + n2µ

2
2

n1µ1 + n2µ2

B. (A.16)

We apply Eq. A.16 to the Hall coefficient:

RH =
Ey
JxB

=
Ey

σExB
=

1

q

n1µ
2
1 + n2µ

2
2

(n1µ1 + n2µ2)2
, (A.17)

where the total conductivity σ of the sample is q(n1µ1 + n2µ2). Rewriting Eq. A.17

by substituting RH = 1/(qnH), σ1 = q1n1µ1 and σ2 = q2n2µ2, we have:

1

nH
=

(
σ1

σ1 + σ2

)2
1

n1

+

(
σ2

σ1 + σ2

)2
1

n2

. (A.18)

2If the two types of carriers are of opposite sign, say q1 = +e, q2 = −e, then after taking account
of both the sign in q and in µ, the numerator in Eq. A.16 is n1µ2

1 − n2µ2
2
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This is the same as Eq. A.9 (Eq. 4.6). Lastly, Hall mobility is µH = RHσ, so µH =

Ey/Ex/B. From Eq. A.16 We have:

µH =
n1µ

2
1 + n2µ

2
2

n1µ1 + n2µ2

=
σ1

σ1 + σ2

µ1 +
σ2

σ1 + σ2

µ2. (A.19)

This is the expressions for the Hall mobility in Eq. 4.7.
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Spectrophotometer corrections
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Figure B.1: Typical absorptance reported by the Mazur group [46].

Figure B.1 shows light absorption curves of a black silicon sample and a bare silicon

wafer reported in Ref. [46]. Due to silicon’s bandgap, silicon should be transparent

to light at wavelengths greater than 1.1 µm. Figure B.1, however, shows non-zero

absorption from 1.1 to 2.5 µm for a crystalline silicon sample. The absorption curve

has a rising tail and two humps. In this work we present how the spectrophotometer
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acquires data and discuss methods to correct the measurement error.

B.1 Corrections to reflection measurements

Reflectance of a silver mirror
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Figure B.2: Reflectance measurement of a silver mirror compared to the
specification (Thorlabs Part # PF10-03-P01).

To obtain absorptance of a sample, we use the spectrophotometer to measure re-

flectance, R, and transmittance, T , and calculate absorptance using A = 1− R− T .

The measurement error comes from specular reflection. Figure B.2 shows the re-

flectance of a silver mirror we measured and a comparison to its specification. Similar

to Figure B.1, the measured data also have two humps and a sloped curve. We real-

ize that the integrating sphere in the spectrophotometer (Hitachi U-4001 or Hitachi

U-4100) is not designed to measure specular reflection.

To understand the origin of the discrepancy between measurement and specifi-

cation values, we present a simple model of the spectrophotometer. Figure B.3a is a

schematic drawing of the spectrophotometer. The light output from the monochro-
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mator passes through a lens and focuses onto a sample (not shown). For transmission

measurements, the sample is placed at the front of the integrating sphere and the

baseline disk closes the port at the back. For reflection measurements, we remove the

baseline disk and place the sample at the back port of the integrating sphere. The

photo detector is located at the top or the bottom of the integrating sphere. Before

doing a measurement, we run a baseline with a ceramic disk placed at the back. The

baseline signal is recorded as 100% reflection (or 100% transmission). Note that the

baseline disk is made of Spectralon1 and the integration sphere is made of BaSO4,

and both have diffuse surfaces.

monochromator
and light source

integrating

sphere

baseline

 disk

detector

Spectrophotometera
specular Rdiffuse R 

b Reflectance measurement

integrating

sphere

Figure B.3: (a) Schematic of the spectrophotometer setup (Hitachi U-4100
and U-4001). The solid line shows the sample beam path and the dashed line
shows the reference beam path. The reference beam calibrates the intensity
of the light output at different wavelengths and is not discussed in this work.
(b) Illustration of the difference between a diffuse reflecting sample and of a
specular reflecting sample.

We use a simple model to describe how the detector collects light. An illustration

of the beam path in the integrating sphere is shown in Figure B.3b. Here we ignore the

openings of the integrating sphere and the reference beam. We also do not take into

account the possibility that some fraction of the light reflected from the integrating
11-inch, 99% individual calibrated single diffuse deflectance standards purchased from Labsphere.

The baseline disk provided by the manufacturer is an Al2O3 disk.
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sphere will hit the sample again. These will be higher order corrections. Let us define

parameters:

C = (area of the detector) / (area of the integrating sphere)

I0 = incoming light intensity

RI = reflectance of the integrating sphere

RD = reflectance of a diffuse reflecting sample

RS = reflectance of a specular sample

B.1.1 Case I: diffuse reflection

When the incoming light hits a diffuse surface, light is reflected in a solid angle of 2π

(Figure B.3b). The fraction of reflected light reaching the detector is C, and the rest,

(1−C), reaches the integrating sphere. Let Si denote the signal the detector collects

after the i-th time the light is reflected from a surface.

S1 = I0 ·RD · C Incoming light with intensity I0 reflects off
the sample (RD) and the fraction C reaches
the detector.

S2 = I0 ·RD · (1− C) ·RI · C Intensity of light that did not get to the detec-
tor the first time: I0RD (1−C). This amount
reflects off the integrating sphere RI and a
fraction C reaches the detector.

S3 = I0 ·RD · (1− C)2 ·R2
I · C Similarly, after the third bounce, S3 is the

signal the detector receives.
...
Sn = I0 ·RD · (1− C)n−1 ·Rn−1

I · C

The total signal the detector receives from a diffuse surface is:

Sdiff,D =
∞∑
n=1

I0 ·RD · (1− C)n−1 ·Rn−1
I · C =

I0 · C ·RD

1− (1− C) ·RI

. (B.1)
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B.1.2 Case II: specular reflection

When the incoming light hits a specular surface, the reflected light goes toward one

point in the integrating sphere (Figure B.3b). Hence no lights reaches the detector

after the first reflection. Then the light is diffusely reflected off the integrating sphere

and a fraction C goes to the detector. Let Si denote the signal the detector collects

after the i-th time the light is reflected from a surface.

S1 = I0 ·RS · 0 = 0 The detector sees NOTHING when the
light first reflects off a specular sample.

S2 = I0 ·RS ·RI · C Intensity of light that did not get to the de-
tector the first time: I0RS . This amount
reflects off the integrating sphere RI and
a fraction C reaches the detector.

S3 = I0 ·RS ·RI · (1− C) ·RI · C Intensity of light that did not get to the
detector the second time I0RSRI(1 − C)
reflects off the integrating sphere RI and
a fraction C reaches the detector.

...
Sn = I0 ·RS ·RI · (1− C)n−2 ·Rn−2

I · C For n ≥ 2; Similarly, we have a geometric
series.

The total signal the detector receives from a diffuse surface is:

Sspec,S =
∞∑
n=2

I0 ·RS ·RI · (1− C)n−2 ·Rn−2
I · C =

I0 · C ·RS ·RI

1− (1− C) ·RI

. (B.2)

The spectrophotometer defines reflectance of the baseline disk as 100% reflec-

tion. If the baseline disk has reflectance value of Rdisk, what the measured reflectance

is actually Rmeasurement =
Ssample

Sdiff,disk
, where Sdiff,disk = I0·C

1−(1−C)·RI
·Rdisk from Eq. B.1.
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For a diffuse sample, what we measure is:

Rmea,diff =
Sdiff,sample

Sdiff,disk

=

I0·C
1−(1−C)·RI

·Rdiff,sample

I0·C
1−(1−C)·RI

·Rdisk

=
Rdiff,sample

Rdisk

. (B.3)

For a specular sample what we measure is:

Rmea,spec =
Sspec,sample

Sdiff,disk

=

I0·C
1−(1−C)·RI

·Rspec,sample ·RI

I0·C
1−(1−C)·RI

·Rdisk

=
Rspec,sample ·RI

Rdisk

. (B.4)

B.2 Results

In an ideal world, RI and Rdisk will both be equal to 1 (perfect reflectors) over

the entire range of wavelengths. In reality, they are not, and Figure B.4 shows the

reflectances of the integrating sphere and the baseline disk given by Hitachi.
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Figure B.4: Reflectance data provided by Hitachi. BaSo4 (N) is the material
used for the interior of the integrating sphere. The Spectralon (�) is the
material used for baseline measurement. Al2O3 (�) is the white baseline disk
used for the old spectrophotometer (Hitachi U4001).

From Eq. B.4 and Figure B.4, it is clear that due to the spectral feature ofRI , the
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integrating sphere (BaSO4), our measurement for a bare silicon wafer has two humps.

We also realize that we get extra factors not only for specular reflection measurements

(RI/Rdisk), but also for diffuse reflection measurements (1/Rdisk). There are many

ways to correct the data; we find Rdisk and Rdisk/RI by measuring a sample with a

known reflectance (e.g. a silver mirror). We obtain the correction factor (CF) for for a

specular surface by dividing the specification value of the silver mirror reflectance by

measured reflectance. CFspecular = Rdisk/RI = Rsilver,specification/Rsilver,measurement. We

correct all the specular silicon wafer samples by Rsiliconwafer = Rmeasurement ·CFspecular.

On the other hand, for the correction factor for diffuse reflectance, CFdiffuse = Rdisk,

we use the values provided by Hitachi. For diffusely reflecting samples such as black

silicon, the corrected value is Rblacksilicon = Rmeasurement · CFdiffuse.

Figure B.5 shows the measured data and the corrected data of Se-hyperdoped

silicon samples and an untreated silicon wafer. The correction factor derived from a

simple model works fairly well.
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Figure B.5: Absorptance data of Si:Se and Si (a) before and (b) after cor-
rection. Data for the Si wafer are corrected using CFspecular and for Si:Se
samples are corrected using CFdiffuse. The number indicates the temperature
the samples have been annealed at (◦C). NA = no anneal.
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B.3 Summary and future work

In summary, we find that using the integrating sphere to measure a specular sample

causes measurement errors and provide a method to correct the data. Yet several

questions still remain. For example, what if the sample is semi-specular and semi-

diffuse? In particular, we find the correction factor imperfect when the silicon wafer is

only single side polished. Figure B.6 shows absorptance data of a single side polished

(SSP) silicon wafer and a double side polished (DSP) silicon wafer before and after

correction. For the SSP Si wafer, there is still non-zero absorptance for λ > 1.1µm.
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Figure B.6: Absorptance data of Si wafers before (thin lines) and after cor-
rection (thick lines). One wafer is double side polished (DSP) and the other
wafer is single side polished (SSP).

We think two factors contribute to the remaining non-zero absorptance. First,

since the silicon wafer is transparent to long wavelength light, both sides of the surface

contribute to reflection. The front polished side reflects light specularly and the back

side reflects light diffusely. Secondly, the transmission measurement also requires

correction. For the transmission measurement, light passes through the polished side,
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through silicon, and when it comes out from the rough side, it transmits diffusely.

As a result, part of the transmitted light reaches the baseline disk and part of the

light reaches the integrating sphere. Both reflection and transmission measurements

create conditions different than how the baseline is performed, so the result could be

different than expected.

We believe it is important to consider methods to correct the absorptance value

of a single side polish wafer because in most of our work, the black silicon is textured.

If the textured surface does not absorb light strongly, the reflection scenario is similar

to a SSP silicon wafer. Comparing the light absorptance of a 950-K annealed black

silicon wafer in Figure B.5b to the light absorptance for a single side polished wafer

in Figure B.6, it is hard to know whether there is residual light absorption after

annealing. One might be able to gain insight by comparing reflectance of a SSP wafer

with the polished side facing the incident light to the reflectance of the same sample

with the rough side facing the incident light. One can also consider using the same

material for the baseline disk and the integrating sphere to minimize the difference

in reflectance between the two materials.

In conclusion, we study how the spectrophotometer collects reflectance data and

provide a method to correct reflectance obtained from a specular surface. All absorp-

tion data in this thesis (Figures 1.1, 2.10, 4.2, 5.1, 5.2, and 6.2) are corrected using the

method presented in this appendix. Challenging remains when the sample is weakly

absorbing and is only rough on one side (e.g. Figure 4.2b), and the measurement

errors can be upto 20%.
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The photovoltaic potential of fs-laser

textured amorphous silicon

Femtosecond laser texturing of silicon yields micrometer scale surface roughness that

reduces reflection and enhances light absorption. In this work, we study the potential

of using this technique to improve efficiencies of amorphous silicon-based solar cells by

laser texturing thin amorphous silicon films. We use a Ti:sapphire femtosecond laser

system to texture amorphous silicon, and we also study the effect of laser texturing

the substrate before depositing amorphous silicon. We report on the material proper-

ties including surface morphology, light absorption, crystallinity, as well as solar cell

efficiencies before and after laser texturing.
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C.1 Introduction

Hydrogenated amorphous silicon (a-Si) solar cells have several advantages over other

photovoltaic materials because of strong light absorption and low processing temper-

ature, allowing reduced material usage on low cost substrates [163]. The absorption

coefficient of a-Si is higher than crystalline Si due to the lack of long-range order

which reduces the momentum conservation requirement, but the disorder also causes

a high concentration of defects, limiting the efficiency of charge carrier extraction.

The trade-off between charge carrier extraction and optical absorption leads to de-

vices with thin layers of a-Si combined with a light-trapping design. Moreover, de-

fects form when a-Si is exposed to sunlight (the Staebler-Wronski effect) [164], and

the stabilized, light-soaked efficiency reduces by at least 10% relative to a cell’s ini-

tial performance [165, 166]. In this work, we explore treating a-Si with femtosecond

laser (fs-laser) pulses to modify the crystallinity as well as the surface morphology

for enhanced light absorption, and we study the effect of laser treatment on solar cell

performance.

Common light trapping designs for a-Si solar cells utilize randomly textured

substrates, plasmonic scattering structures [167–169], or textured transparent top

contact [170, 171]. Femtosecond-laser irradiation of silicon results in semi-periodic

surface textures that have periodicity on the order of the laser wavelength (800 nm

in this study) [1]. Surface textures with sizes slightly smaller than the wavelength of

light are ideal for diffracting incident light into shallow angles and enhance the optical

path length [172]. Efficient light trapping surfaces that approach the Lambertian limit

have been demonstrated by fs-laser processing; moreover, the size of the texture can
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be tuned and applied to thin-film material regardless of the crystallinity [10,79].

Compared to a-Si, nanocrystalline silicon (nc-Si) has larger carrier mobility and

higher stability [173]. Solar cells fabricated with nc-Si have higher stabilized efficiency.

Nanocrystalline silicon is normally fabricated under carefully controlled deposition

condition [174,175]. On the other hand, it has been demonstrated that treating a-Si

with fs-laser pulses anneals and transforms a-Si into nc-Si [173, 176]. Therefore, it is

promising to process a-Si solar cells with fs-laser pulses, transforming both the surface

morphology and crystallinity for enhanced light absorption and material stability.

C.2 Experimental

We use an n-i-p structure for the solar cell design [177], and we increase the absorp-

tion with two different methods. (a) We perform laser texturing directly on 2-µm

thick hydrogenated a-Si deposited via plasma enhanced chemical vapor deposition

(PECVD). (b) We perform laser texturing on the substrate prior to a-Si deposition.

The schematics of the two devices and a reference cell are illustrated in Figure C.1.

To simplify the fabrication process, we use a degenerately doped silicon (p-type, 0.01

Ω·cm) not only as the substrate but also as the bottom conductive contact and the

back reflector. We discuss later in Section C.4 on how the substrate adds to series

resistance and hence reduces the photovoltaic efficiency.

For laser-textured a-Si, the substrate is first solvent cleaned and then dipped in

5% hydrofluoric acid for 60 s to remove surface oxide. The wafer is then transferred

to the PECVD chamber, where 30 nm of p-type a-Si is deposited, followed by a 2-µm

intrinsic a-Si deposition, both at 200◦C. The intrinsic layer is thick since subsequent
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Figure C.1: sample schematics. (a) laser-textured a-Si. The n-type a-Si is
deposited after laser treatment on a 2-µm intrinsic layer. (b) laser-textured
substrate with a-Si n-i-p layers deposited after the laser treatment. (c) refer-
ence cell structure. The intrinsic layer is either 300 nm or 2 µm. In all cases,
the p-type and n-type a-Si layers are both 30 nm, and the ITO transparent
conductive contact is 200 nm.

laser texturing removes material through ablation. We then perfrom laster texturing

on intrinsic layer before depositing the final n-type a-Si layer (30 nm at 200◦C).

The laser treatment is carried out in a hydrogen ambient environment (pressure =

500 Torr) using a Ti:sapphire amplified laser system (center wavelength 800 nm,

pulse duration 80 fs). We use a set of scanning mirrors to process several 1× 1 cm2

squares, and, on average, 20 laser pulses were delivered to every surface of the sample.

The average number of laser pulses on a given spot is referred to as shots per area

(S/A). We optimized the overlapping of the laser pulse and the fluence (energy density

F = 1.5 kJ/m2) to produce an efficient light trapping surface without penetrating

through the 2-µm intrinsic layer.

For the cell with the laser-textured substrate (Figure C.1b), we perform the laser

treatment first on the substrate and then deposit a-Si n-i-p layers (30/300/30 nm).

Compared to direct texturing on a-Si, since there is no restriction on the processing
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thickness, we use a fluence of 2.5 kJ/m2 and 50 shots per area.

We also fabricate reference cells for comparison. Due to the variability of sam-

ple performance from batch to batch, such as the exact thickness of the thin film

deposited, we always fabricate reference cells on the same substrate as the textured

cells and under identical conditions. Two types of reference cells are fabricated; both

are n-i-p layers of a-Si, but with different intrinsic a-Si thickness: 300 and 2000 nm.

Finally, we sputter indium tin oxide (ITO, 200 nm, sheet resistance 30 Ω/�) on

all the samples to form a transparent conductive top contact. The active area (0.38

cm2) is defined by the circular shadow mask for the ITO deposition. We measure the

current-bias (I–V ) curve of each device under dark and illuminated conditions (AM1.5

spectrum with a solar simulator). Samples are also characterized using scanning

electron microscopy, Raman scattering spectroscopy, and absorption measurements

using a UV-VIS-NIR spectrophotometer equipped with an integrating sphere.

C.3 Results

Representative images of the surface of the samples are shown in Figure C.2. Laser-

textured a-Si samples have irregular surface features that are smaller than the tex-

tured substrate samples, which have semi-periodic surface textures. We choose the

laser parameters for textured a-Si samples to ensure laser texturing does not pene-

trate the a-Si layer, which is only 2 µm. The laser-material interaction is significantly

different comparing laser processing of a-Si and of crystalline Si (the substrate). Un-

der the same fabrication conditions (1.5 kJ/m2, 20 S/A), no surface texturing occurs

on the substrate. We increased both the fluence (2.5 kJ/m2) and the number of over-
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lapping laser pulses (50 S/A). However, the fluence and shots per area cannot be too

large, otherwise a-Si deposition is not uniform on the textured substrate.

a b

2 µm1 µm

Figure C.2: 45◦ scanning electron micrographs of the samples before ITO
deposition. (a) laser-textured a-Si and (b) laser-textured substrate with a-Si
n-i-p layers deposited on top.

Figure C.3 shows the illuminated current-bias characteristics of each type of so-

lar cell. Table C.1 summarizes the best solar cell fabricated in each set of experiments.

A planar a-Si solar cell should have an intrinsic layer with thickness less than 300 nm

to ensure efficient carrier extraction through the amorphous material [168,177]. The

reference cell with a 300-nm intrinsic layer (Reference a1) has an efficiency of 1.89%,

and the efficiencies of the laser-textured a-Si solar cells are an order of magnitude

lower than the reference cells. Reference cell a2 is 2-µm thick, and the efficiency is

0.60%, smaller than Reference a1, due to the reduction in the short circuit current

density (JSC) from the inefficient carrier collection over the thick amorphous layer.

Reference cell a2 has the same thickness as the a-Si before laser texturing (2 µm)

and is 7.5 times more efficient than the textured solar cell, indicating laser processing

was not effective. After laser texturing, the open circuit voltage (VOC) drops from

0.82 V to 0.54 V. The drop in VOC could either due to increasing shunting or due to
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crystallized Si (the bandgap of crystalline Si is smaller than amorphous Si, resulting

in a reduction of VOC). On the other hand, if laser texturing is effective, JSC should

increase since more light is absorbed. JSC of the textured a-Si solar cell, however, is

much lower than both of the reference cells. This reduction in JSC could be due to

increased recombination at the surface or from laser-induced defects.
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Figure C.3: illuminated I–V curves of solar cells. (a) laser-textured a-Si
solar cell (black) plotted together with two reference cells. The intrinsic a-Si
thickness is 300 nm for Reference a1 (gray solid line) and is 2000 nm for
Reference a2 (gray dash line). (b) solar cell on a laser-textured substrate
(black) and reference b (gray) that was fabricated on the same substrate
under the same condition

Figure C.3b compares the solar cells fabricated on top of the textured substrate

and Reference b. To avoid the variability mentioned above, Reference b is fabricated

on the same chip as the solar cells on the textured substrate. The VOC is the same

but the JSC is improved by 35%. As a result the efficiency increases by 0.4% absolute.

We note that Reference b is not as efficient as Reference a1, which ideally should be

the same. Due to practical reasons, the exact same a-Si deposition parameter was

not feasible when this set of cells was fabricated, so the deposition conditions were
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Table C.1: illuminated I-V data

Sample Efficiency (%) JSC (mA/cm2) VOC (V) Fill factor
Textured a-Si (a) 0.08 0.55 0.54 0.28

Reference a1 (300nm) 1.89 4.37 0.86 0.50
Reference a2 (2000nm) 0.60 2.39 0.82 0.31
Textured substrate (b) 1.18 4.68 0.78 0.32
Reference b (300nm) 0.78 3.46 0.78 0.29

slightly different between the two reference cells (a1 and b).

Figure C.4 shows that for the laser-textured a-Si sample, the absorption in-

creases, and the laser processing also crystallizes silicon. To perform optical absorp-

tion measurements, we deposit a-Si on a transparent glass and laser-texture the sam-

ple with the parameters described in the experimental section. We measure the light

transmittance (T ) and reflectance (R) and calculate absorptance as A = 100−T −R

(%). The fringes in the absorptance curves in the near infrared range are because

of multiple reflections of light at both the front and back surface of the thin film,

which interfere constructively or destructively depending on both the thickness of the

a-Si film and the wavelength of the incident light.1 After laser texturing, the above

bandgap light absorption increases by 20% absolute and the absorption edge is shifted

toward longer wavelength. Furthermore, before laser texturing, the Raman spectrum

of the reference sample shows the signature a-Si Raman shift at 480 cm−1 [173]. Af-

ter laser texturing, a sharp Raman peak at 520 cm−1 indicates that some amorphous

silicon is transformed into crystalline silicon.
1The transmission measurement is performed at normal incidence and reflection measurement

is performed at a small angle offset (8◦) in order to capture the reflected light. When calculating
absorption from transmission and reflection data, the fringes should cancel out if the samples are
perfectly aligned. These fringes are very sensitive to the measurement angle and in our setup T and
R are performed at slightly different angle, so after computing the absorptance, the fringes do not
cancel out perfectly.
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Figure C.4: Optical absorption spectra (left) and Raman spectra (right) of
laser-textured a-Si and a reference sample.

It is not easy to quantify the amount of absorption enhancement for the samples

on laser-textured substrate since the silicon substrate is not transparent and thus

transmittance measurements cannot be performed. In the visible light range, the

reflectance of the surface is less than 20%, compared to a reflectance of about 40%

for planar a-Si. Since no laser treatment is performed on the deposited a-Si, we do

not expect the material crystallinity to change.

C.4 Discussion

The solar cells fabricated from laser-textured a-Si are an order of magnitude less

efficient than the reference cells, while a-Si solar cells on top of the laser-textured

substrate increase the short circuit current and hence the efficiency. Within the

parameters presented in this work, fs-laser texturing and crystallization of a-Si directly

for photovoltaic applications does not work as well as enhancing the light absorption

by using a fs-laser textured substrate. We discuss possible reasons for low efficiencies
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after laser treating a-Si and suggest future directions for enhancing light absorption

using laser treated substrates.

This experiment is a proof-of-principle study; therefore, many fabrication pa-

rameters are not optimized and the efficiencies of the cells in this study are lower

than what is commonly achieved [163]. For example, we chose silicon as a substrate

to ensure good a-Si adhesion for CVD deposition, but this substrate is more resistive

and less reflective than common back contacts. Furthermore, the sputtered ITO is

also more resistive than the desired transparent front contact [177]. This is likely due

to the fact that the oxygen content and the substrate temperature are not optimized

during ITO sputtering. Both the front and back contacts introduce resistive loss and

lower the overall efficiency. Since the substrate and the ITO contact are the same

across all of our samples, though, we can still compare the performance of different

samples with their reference cells.

We now discuss possible reasons for the efficiency reduction after laser texturing

the a-Si. First, we observe formation of pinholes after laser irradiation. We suspect

that the hydrogen from the hydrogenated a-Si outgases quickly when the sample is

heated by the laser, leaving behind pinholes. Starting with a-Si film that has lower

hydrogen concentration could avoid formation of pinholes that degrade the material

quality, but our experimental setup does not allow us to change the concentration

of hydrogen in the a-Si film. We observe fewer pinholes when using laser fluences

higher than 1.5 kJ/m2, so there could be better laser parameters that avoid pinhole

formation. Secondly, as the surface textures develop, the local fluence of the laser

pulses is no longer uniform across the rough surface, and it is possible that this causes
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heating and diffusion in the p-type layer underneath. As a result, laser irradiation

could affect the interface between the p-type and the intrinsic a-Si. Future work

will focus on fine tuning the laser parameters to ensure that laser texturing removes

enough excessive a-Si for texturing but does not over-texture and affect the p-type

layer underneath.

Since currently we cannot achieve higher efficiencies by using fs-laser treatment

to both enhance absorption and to crystallize silicon, we decouple the surface textur-

ing and laser irradiation of a-Si by performing laser texturing on the substrate. In

principle, if the thickness of the a-Si solar cell is reduced, the Staebler-Wronski effect

will also be reduced [163,167]. We show increased efficiency when the laser irradiation

is no longer directly on a-Si. Moreover, fs-laser texturing can be achieved on a wide

variety of substrates [178–180], so this experiment shows that we can use the laser

texturing technique to enhance light absorption for a-Si solar cells. The thickness of

the a-Si solar cells can be further optimized for efficient carrier collection and reduced

light-soaked efficiency reduction. Furthermore, investigating the use of fs-laser treat-

ment to texture different substrates and optimizing the surface morphology for light

trapping should also improve the efficiency.

We demonstrated that laser texturing the substrate is a feasible method for

improving light absorption. The semi-periodic textured surface created by fs-laser

processing is effective for anti-reflection and light trapping. In the future, it may

also be possible to use these surface textures for template stripping to replicate these

surface structures quickly and large scales [181,182].
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C.5 Conclusion

In conclusion, we apply fs-laser processing techniques to texture and crystallize a-

Si for photovoltaic applications. While the absorption and crystallinity of fs-laser

processed a-Si improves, the overall cell efficiency does not increase, due to irradiation-

induced damage such as pinhole formation. On the other hand, light absorption can be

improved by fabricating a-Si solar cells on laser-textured substrates, which improves

both the short circuit current and the efficiency. Future work on tuning the laser

processing parameters for texturing a-Si with lower hydrogen content as well as laser

texturing ZnO or glass (which are common back contacts and substrates for a-Si solar

cells) could yield fruitful results.
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